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ABSTRACT 
 
Tissue grafts are often crucial in restoring function and promoting healing after 
traumatic injury. Many synthetic materials have been developed, but these often suffer 
from inadequate tissue integration, limited biodegradability, and mechanical mismatch 
with the target tissue. Recent advances in 3D printing technologies have enabled the 
fabrication of custom-fit scaffolds that resemble native tissue. Although these scaffolds 
can more closely mimic defect shape, new inks are needed to provide tunable control over 
multiple levels of scaffold structure and function. 
To address these limitations, we have developed an extensible system for printing 
complex tissue engineered scaffolds by creating emulsion templated inks. These emulsion 
inks exhibit tunable pore sizes, modulus, and strength. Formulation of inks with viscous, 
reactive macromers results in extruded material that holds its shape after extrusion and 
polymerizes rapidly upon exposure to UV light. New methodology was developed to 
permit the rational design of emulsion inks based on rheological and cure properties, and 
these inks were able to successfully create high fidelity scaffolds with customizable, 
hierarchical porosity. Emulsion inks are compatible with nearly any hydrophobic 
macromer allowing development of inks with limitless chemical and material properties. 
Next, a hybrid printing system was developed for extrusion of thermoplastic PCL 
and PLA along with emulsion inks to provide mechanical reinforcement. Scaffolds 
without reinforcement exhibited an increase in permeability with a decrease in infill 
density, with detriment to their modulus and strength. Mechanical reinforcement with 
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PLA, however, resulted in a significant increase in modulus and strength in all cases. The 
creation of novel emulsion inks from existing biomaterial systems opens the door to the 
creation of scaffolds with a wide range of physical and chemical properties. 
Finally, this system was extended to oil-in-water emulsions, termed hydrocolloid 
inks, to facilitate printing of hydrogels. Due to their low viscosity, high fidelity printing 
of hydrogels has typically been limited to SLA methods. SFF printing of hydrogel 
scaffolds frequently relies on thickeners and additives, but we have refined the rheological 
properties without modification of the hydrogel makeup by emulsifying with innocuous 
mineral oil. These 3D printed hydrogel scaffolds represent some of the highest fidelity 
reproductions of complex anatomical geometries in the literature to date. Additionally, 
this system provides a methodology for creating hydrocolloid inks from nearly any 
hydrogel biomaterial. 
In summary, we have developed a library of porous materials that can be used to 
improve tissue regeneration. Furthermore, the emulsion structure-property relationships 
explored here can be used in designing future emulsion inks. A combinatorial approach of 
tuning the ink and fabrication system allows for creation of complex scaffolds with 
improved biomimicry, allowing for a new generation of hierarchically porous tissue 
engineered constructs. 
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NOMENCLATURE 
ABS  Acrylonitrile Butadiene Styrene 
BAPO 2,4,6-Trimethylbenzoyl)-Phosphine Oxide 
BDMA 1,4 Butane Diol Dimethacrylate 
BMP Bone Morphogenetic Protein 
BPO Benzoyl Peroxide 
CAD Computer-Aided Design 
CT Computed Tomography 
DLP Digital Light Processing 
DUDMA Diurethane Dimethacrylate 
ECM Extracellular Matrix 
EGDMA Ethylene Glycol Dimethacrylate 
FBS Fetal Bovine Serum 
HA Hydroxyapatite 
hMSC Human Mesenchymal Stem Cells 
HIPE High Internal Phase Emulsion 
hMSC Human Mesenchymal Stem Cell 
LAB Laser-assisted bioprinting 
LAP Lithium Acylphosphinate 
LDW Laser-based Direct Writing 
LIFT  Laser-Induced Forward Transfer  
MAPLE DW Matrix-Assisted Pulsed Laser Evaporation Direct Writing 
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PCL Poly(ϵ-caprolactone) 
PDGF Platelet Derived Growth Factor 
PDMS Polydimethylsiloxane 
PEG Poly(ethylene glycol) 
PFDMA Propylene Fumarate Dimethacrylate 
PFP Powder-Fusion Printer 
PGPR Polyglycerol Polyricinoleate 
PLA Poly(lactic acid) 
PLGA Poly(lactic-co-glycolic acid) 
PMMA Poly(methyl methacrylate) 
PNIPAAm Poly(N-isopropylacrylamide) 
PolyHIPE Polymerized High Internal Phase Emulsion 
PPF Poly(propylene fumarate) 
PPGDMA Poly(propylene glycol) Dimethacrylate 
RGD Arginine-Glycine-Aspartic Acid 
SFF Solid-Freeform Fabrication 
SLA  Stereolithography 
SLM Selective Laser Melting 
SLS  Selective Laser Sintering 
SMP Shape Memory Polymer 
TMA 4,N,N-Trimethylaniline 
VEGF Vascular Endothelial Growth Factor 
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1. INTRODUCTION AND LITERATURE REVIEW*
1.1 Biomaterials, Tissue Engineering, and Scaffold Fabrication 
Tissue engineers attempt to harness the body’s ability to regenerate damaged tissue 
by combining cells and bioactive factors in a biomaterial scaffold.(1, 2) This strategy 
typically involves the combination of cells and bioactive factors with a biomaterial 
scaffold to form an implantable construct that can replace or restore physiological 
function.(2-4) Ideally, the scaffold will be resorbed as the neotissue is formed, resulting 
in a functional tissue replacement after remodeling is complete.(5) Biomaterial scaffolds 
are chosen to mimic important aspects of the target tissue in order to restore function and 
provide an environment conducive to cell differentiation and proliferation. There is a 
continued emphasis on enhancing the function of tissue-engineered constructs through the 
development of improved fabrication methods.(6-9) Traditional techniques for fabricating 
tissue engineering scaffolds such as gas foaming, solvent-casting, fiber bonding, phase 
separation, particulate leaching, and freeze drying provide macroscale scaffold features 
but often lack the complexity of native tissue.(5) Many tissues, such as the lobules of the 
*Reprinted with permission from “A Review of Three-Dimensional Printing in Tissue
Engineering.” by Sears NA, Seshadri DR, Dhavalikar PS, Cosgriff-Hernandez E, 2016. 
Tissue Eng Part B Rev, 22(4), 298-310, Copyright [2016] by Wiley-VCH Verlag GmbH 
& Co. KGaA. 
_____________________________________
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liver or nephrons of the kidney, have complex structural units that coordinate multiple 
types of specialized cells and are critical for tissue function. Fabrication methods that can 
produce complex geometries have a distinct advantage in their ability to fit an irregular  
defect site but are also capable of mimicking tissue complexity through the precise 
positioning of multiple materials and cell types.(10)  
Scaffolds that recreate macroscale properties as well as microscale features 
necessary for cellular function require sophisticated control over fabrication. Recently, 3D 
fabrication or rapid-prototyping technologies have become more popular and accessible, 
allowing for exploration of new fabrication techniques capable of geometric accuracy at 
the macro and micro scale. Precision at this level opens the door for innumerable 
approaches for tissue engineering scaffolds. Recently, 3D printing has been used to treat 
a potentially life-threatening condition in which the trachea is prone to collapse, known as 
tracheomalacia. Researchers developed a 3D printed tracheal splint made from 
biodegradable poly(ε-caprolactone) for a 2 month old child that required endotracheal 
intubation to sustain ventilation. The splint was tested in piglets and subsequently given 
approval for implantation via an emergency-use exemption. An immediate improvement 
was seen after surgery, and patency was retained after one year with no complications.(11) 
In another example, high definition imaging and 3D printing technology known as laser 
sintering were used to create a functional jawbone replacement for an 83-year-old woman 
suffering from a lower jaw infection.(12) Rapid manufacturing of the jaw implant allowed 
for creation of “articulated joints, cavities that foster muscle attachment, and grooves to 
guide nerve and vein regrowth” as well as reduced surgical preparation and recovery. This 
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control over microarchitecture allows for production of functional tissue engineered 
scaffolds that recapitulate the natural form and function of the tissue. Additionally, 
designed vasculature may enable the creation of larger, cellularized constructs by 
providing the requisite nutrient transport for tissue growth.(13-16) Functional tissue 
constructs could also be used as a diagnostic tool for cell-based assays for drug testing or 
other therapies. For example, Organovo’s exVive3D™ Liver is a fully functional 
bioprinted human tissue that has been used to provide toxicity assessment that is 
supplementing in vitro and preclinical animal testing.(17) 
There has been a tremendous increase in the publication output in 3D printing 
research over the past two decades, in part due to the expiration of a number of patents, 
Figure 1.1. A timeline of printing technology from its inception to the current state of the 
art is provided to give a historical perspective of the development of this field, Table 1.1. 
In this review, we will discuss the current state of the art of 3D biofabrication methods 
and provide a comparative analysis of the common printing methodologies. The printing 
methods have been divided into acellular techniques (stereolithography, powder-fusion 
printing, solid freeform fabrication) and bioprinting of cellularized constructs (inkjet-
based, extrusion-based, laser-assisted). A description of each of these techniques is 
provided with a discussion of the advantages and limitations of each. Finally, a discussion 
of the current challenges and future directions of the field is provided.  
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Figure 1.1. Number of publications related to “3D Printing” or “3D Printing” and 
“Tissue Engineering” according to ISI Web of Science (Data obtained July 2015) 
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Table 1.1. A timeline for the evolution of 3D printing from its invention to current state 
of the art in tissue engineering. (18, 19). 
 
Year 
 
Key Developments 
  
  
1984 Charles Hull invents “Apparatus for making three-dimensional objects by 
stereolithography” (19) 
1986  Carl Deckard invents “Method and apparatus for producing parts by selective 
sintering” (19) 
1989  Scott Crump, co-founder of Stratsys, patents Fused Deposition Modeling (20)  
1993 MIT patents "3 Dimensional Printing techniques" and licenses to 6 companies 
including Z-Corp (21) 
1996 Clinical application of biomaterials for tissue regeneration (18) 
1999 Luke Massella receives one of the first 3D-printed bladders thanks to the 
Wake Forest Institute for Regenerative Medicine. It’s a combination of 3D 
printed biomaterials and his own cells (22) 
2002 Early stage kidney prototype manufactured using microextrusion bioprinting at 
Wake Forest Institute for Regenerative Medicine (23) 
2005 Dr. Adrian Bowyer (University of Bath) founds RepRap, an open source 
initiative to build a 3D printer that can print most of its own components (19) 
2007 Selective laser sintering machine becomes available, creates 3D printed parts 
from fused metal/plastic. Opens door to mass customization and on-demand 
manufacturing of industrial parts  
2007 RepRap releases Darwin, the first self-replicating printer, able to print majority 
of its own components, allowing for self-improvement (19) 
2009 Fused deposition modeling patent expires, igniting innovation in the 3D 
printing industry 
2009 MakerBot starts selling DIY kits to make a 3D printer. The first kit to build a 
printer sells for $750 
2010 Organovo, Inc., announced the release of data on the first fully bioprinted 
blood vessels 
2012 Extrusion based (syringe) bioprinting for an artificial liver (23) 
2014 Implementation of a multi-arm bioprinter to integrate tissue fabrication with 
printed vasculature (23) 
 
 
 
1.2 Acellular Scaffold Fabrication 
Rapid prototyping techniques utilize multi-axis positioning systems and one of 
many additive methods to generate a 3D construct through sequential layer fabrication. 
6 
Depending on the type of technique, the layer can be generated through extrusion 
deposition, solidification, polymerization, sintering, or binding with many more methods 
and variants in development. A model is first created in a computer-aided design (CAD) 
program and then exported into a file format that describes the volume or surface mesh in 
3D space such as *.stl, (stereolithography), *.obj, (object), or *.amf (additive 
manufacturing file). Another program, generally known as a “slicer”, is then used to 
translate the 3D data into slices to be patterned by the printer. The user can configure the 
algorithm that determines the pattern used to fill the layers and the program calculates 
necessary parameters such as extrusion speed, cure time, or laser speed to accurately fill 
the pattern. Early use of these techniques was adapted for mold casting, product 
development, and functional prototypes. Rapid development of these technologies has 
increased versatility and precision. Current techniques have the ability to create scaffolds 
that recapitulate the macroscale geometry of organs, and a print layer thickness as small 
as 20 µm allows for reproduction of the microarchitectures of bone and other tissues. 
Techniques with even higher precision are currently being investigated to enable 
reproduction of smaller tissue features such as hepatic lobules and kidney nephrons. 
Despite the expanding number of rapid prototyping techniques and variants that have 
emerged, categories can be used to group these techniques based on the material type and 
method used to combine each layer. Herein, we will compare and contrast three commonly 
used techniques: stereolithography (SLA), powder-fusion printing (PFP), and solid 
freeform fabrication (SFF). A summary of key comparisons of these three methods is 
provided in Table 1.2. 
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Table 1.2. Comparison of commonly utilized techniques for creating acellular scaffolds. 
1.2.1 Stereolithography. Stereolithography (SLA) methods utilize a deflected 
laser beam or a projected light source to cure and harden exposed areas of photopolymer 
at the surface of a reservoir of material. Multilayer scaffolds are typically fabricated by 
lowering a stage and curing successive layers of the construct, Figure 1.2. Any 
photopolymer with a suitable viscosity and ability to harden can theoretically be used to 
create a construct with SLA. SLA has commonly been utilized to create functional models 
and positive mold objects. Cooke et al. utilized stereolithography to fabricate 3D scaffolds 
for bone tissue engineering using biodegradable polymers including diethyl fumarate and 
poly(propylene fumarate).(47-49) Similarly, a photocurable ceramic acrylate suspension 
Attributes Powder-Fusion 
Printing (PFP) 
(24-36) 
Solid Freeform 
Fabrication (SFF) 
(24-26, 37-42) 
Stereolithography 
(SLA) 
(24, 25, 43-46) 
Layer height (20-100) µm (50-500) µm (25-200) µm 
Minimum feature  (125-200) µm (125-1000) µm (75-250) µm 
Materials Metals, ceramic 
powders, 
thermoplastic 
polymers 
Thermoplastic 
polymers, ceramic 
pastes, dense gels 
Photopolymers 
Solidification 
Method 
Optical, thermal, 
chemical 
Optical, thermal, 
chemical 
Optical 
Support Material Self-supporting Soluble, detachable Detachable 
Post-processing 
requirements 
Powder 
cleanup/removal 
Support material 
removal/dissolution 
Support material 
removal/finishing 
Machine Cost $30K-500K $500-100K $3K-200K 
Print Speed* 5-30 mm/hour 
(height, Projet) 
10-100 mm/s 
(linear, Makerbot) 
10-50 mm/hour 
(height, Form1) 
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was used to form a cancellous bone construct,(50) and bone scaffolds with dimensions 
appropriate for healing critical-sized were created using hydroxyapatite.(51) 
Stereolithographic techniques are limited in resolution by the diameter of the laser beam 
to approximately 250 μm, although other methods such as small-spot laser systems and 
Digital Light Processing (DLP) projection have produced features as small as 70 μm.(52) 
Figure 1.2. (Left) Schematic of stereolithographic printing technique (SLA), and (A-D) 
exemplary tissue engineering scaffold composed of poly(D-L lactic acid) (PDLLA) that 
showcases the resolution and detail of SLA. (A) photograph, (B) µCT, (C) SEM, and 
(D). Scale bar is 500 µm. (Reprinted,(120) Copyright 2009, with permission from 
Elsevier) 
Stereolithography techniques can also be used to create hydrogel scaffolds from 
natural and synthetic polymers that swell in water and are substantially less rigid than 
traditional SLA constructs. Hydrogels have become increasing popular as tissue 
engineering biomaterials due to their high water content and mechanics similar to soft 
tissue. Yu, et al. created 2-hydroxyethyl methacrylate scaffolds using photolithography to 
create patterns from non-swollen prepolymer, which were then hydrated and seeded with 
cells.(53) However, one significant limitation with this technique is that the geometric 
fidelity of the construct may be compromised by rehydration. Matsuda et al. was able to 
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mitigate the swelling effects by using formulations of vinyl-modified polysaccharides and 
acrylated-modified polyethylene glycol.(54) Due to the natural biocompatibility of 
polyethylene glycol solutions, researchers have been able to photopattern scaffolds using 
hydrogels solutions that incorporate living cells, as discussed in a later section. 
Stereolithographic techniques have also been used to create molds that are used to cast 
negative replicas of the printed molds. Orton et al. reported a printed mold of a mandible 
that was generated using a CAD program and data from computed tomography (CT) 
imaging. The mold was filled with a hydroxyapatite/acrylate mixture and heated to cure 
the scaffold, while incinerating the mold. The result was a hydroxyapatite scaffold 
containing internal channels of designed geometries.(55) The scaffolds were then 
implanted in minipigs and shown to induce bone ingrowth over a nine-week study.(56) 
Overall, stererolithography is a versatile technique that is attractive for creating tissue 
engineering scaffolds because of its precision and the increasing availability of 
biologically relevant photopolymers. The high resolution of this technique, layers as small 
as 20 µm, is unmatched by other 3D printing techniques. The high vertical resolution and 
small feature size capabilities provide exceptional control over the microarchitecture; 
however, the macromers available typically have limited biocompatibility and constructs 
are limited to one material without sophisticated apparatuses.(57, 58) 
1.2.2 Powder-Fusion Printing. Another set of techniques, generically known as 
powder-fusion printing, utilizes granular material such as plastic, resin, or metal that are 
selectively bound together. In selective laser sintering/melting (SLS/SLM) plastic or metal 
granules are sintered together with a laser beam. The beam is directed across a powder 
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bed to increase the local temperature and cause particle fusion in the heated area along the 
directed laser path.(59) Three-dimensional scaffolds are generated by recoating the bed 
with a new layer of powder and repeating the process through successive layers. A 
schematic illustrating the mechanics of this process is provided in Figure 1.3. After 
fabrication, unfused powder is removed and the resulting part is a mechanically strong 
construct with designed geometry and porosity. Similar to SLA, the resolution of SLS 
printing techniques is dependent on the spot size of the laser or heat source and the size of 
the powder particles. Typical laser-based systems have minimum features of about 400 
µm and minimum void size of about 50 µm.(59) Recently, Shuia, et al. reported that a 
30/70 combination of tricalcium phosphate and hydroxyapatite was a promising powder 
source for the fabrication of SLS bone scaffolds.(60) SLS techniques have also been 
developed that are able to fabricate constructs with other biopolymers that can be used in 
a wide variety of medical implants.(61) 
Figure 1.3. (Left) Schematic of powder-fusion printing technique (PFP), and (C-D) 
exemplary tissue engineering scaffolds composed of calcium phosphate–
poly(hydroxybutyrate-cohydroxyvalerate) (Ca–P/PHBV) that showcase the resolution 
and detail of PFP. Models are 250% reproductions of CT scans of a human proximal 
femoral condyle reconstructed from CT images and then processed into porous scaffold 
using cubic cells. Scale bar is 10 mm. (Reprinted,(37) Copyright 2010, with permission 
from The Royal Society) 
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Scaffolds can also be fabricated in a similar manner from granular material by 
binding the particles with solvents or adhesives. This is where binder is jetted onto a bed 
of powder or plaster, fusing the particles of each layer. Scaffolds are built up layer by layer 
with a minimum layer thickness of approximately the size of the polymer particle size 
(~50 μm).(31) Scaffolds have also been fabricated which utilize natural biopolymers and 
polysaccharide such as gelatin, dextran, and starch that are fused together using aqueous 
solvents. Furthermore, the addition of porogens and particulate leaching have shown 
promise in creating microporous structures. Simpson at al. developed a porous poly(lactic-
co-glycolic) acid (PLGA) scaffold with PFP and demonstrated the ability to precisely 
reproduce the shape of an entire human fourth middle phalanx. (62) The effects of 
particulate and pore size have also been explored to examine the effect on cell attachment, 
growth, and matrix deposition.(63) Although powder-fusion printing is limited to 
powdered materials, this technique is capable fabricating scaffolds from several materials 
such as titanium and magnesium that are not readily printable with other techniques. PFP 
is well suited for bone and other rigid tissues because bound or fused material typically 
creates constructs of superior mechanical properties. Additionally, some materials 
naturally found in bone such as tricalcium phosphate are commonly printed using PFP 
techniques.(64, 65) PFP printing also does not require support material because the 
unfused powder supports each successive layer and allows for complex shapes including 
designed, interconnected porosity. However, resolution and minimum pore size is limited 
by the powder characteristics, and additional sintering is typically required to solidify the 
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part which can lead to cracking and damage. Current research efforts are focused on 
developing new materials for SLS and refining print parameters to improve surface finish. 
1.2.3 Solid Freeform Fabrication. Solid freeform fabrication (SFF) techniques 
provide a powerful platform for creating tissue engineered scaffolds by utilizing a precise 
xyz positioning system to direct the position of a nozzle that deposits strands of material. 
The deposited material solidifies into a predefined shape to build a construct layer-by-
layer, Figure 1.4. Traditional SFF printers are commonly used for rapid prototyping and 
characteristically utilize a small diameter polymer feedstock such as acrylonitrile 
butadiene styrene (ABS) that is forced through a nozzle heated to temperatures over 
200°C. Biodegradable polymers relevant to tissue engineering typically melt at lower 
temperatures and can be printed at more moderate temperatures. For example, Zein et al. 
used 80 kDa PCL, which has a melting temperature of 60 °C, as feedstock to print 
microfilamentary lattice scaffolds.(40) Filament was extruded at 125 °C to achieve a 
sufficiently low melt viscosity, and x-y speed was kept at 6.35 mm/s to allow for sufficient 
cooling after extrusion before moving to a subsequent layer. While this method produced 
a precise lattice structure, it required creation of a custom feedstock with precisely 
controlled temperature and speed parameters to generate filament with the required 
accuracy.  
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Figure 1.4. (Left) Schematic of SFF printing technique, and (a–d) exemplary tissue 
engineering scaffold composed of PEGDA, nanosilicates, and alginate that showcases 
the resolution and detail of SFF. (a) Photograph of various shapes, (b) cross-section and 
view of the self-supporting lattice, (c) fluorescence microscopy of printed material 
containing cells, and (d) cell survival after 1 week. PEG-DA, poly(ethylene glycol) 
diacrylate; SFF, solid freeform fabrication. (Reprinted,40 Copyright 2015, with 
permission from Wiley.) Color images available online at www.liebertpub.com/teb 
In contrast, newer generations of SFF systems employ a heated reservoir to extrude 
polymer pellets rather than a length of feedstock. Kundu et al. used this method to produce 
complex biodegradable scaffolds of PCL and alginate.(66) Scaffolds were created by 
depositing rectilinear patterns of PCL and co-depositing alginate in the spaces created in 
the PCL pattern. Scaffolds were then implanted in mice and shown to enhance cartilage 
and collagen formation over a 4 week study. Decreasing nozzle size and layer height 
increases x-y and z resolution, respectively, but also leads to substantially slower 
feedstock extrusion rates. Theoretical resolution is limited by the precision of the linear 
motions system (motors, gears, timing belts, and leadscrews) and the properties of the 
extruded material that affect shape retention after extrusion. Although SFF techniques are 
able to achieve a high degree of positional accuracy in the xy-plane, they have a substantial 
limitation in the ability to print overhanging or unsupported parts because, unlike SLA or 
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PFP, there is no innate support material from previous layers. Therefore, hardening due to 
cooling or crosslinking after extrusion is key to provide support for subsequent layers.  
Recent improvements in hydrogel rheological properties have also allowed for 
printing of these materials with SFF. Hong et al. created a printable hydrogel using a semi-
interpenetrating network of PEG and alginate with silicate nanoplatelets.(67) These gels 
had zero-shear viscosity above 10 kPa•s that permitted shape retention after printing and 
a shear-thinning character that facilitated extrusion.(37) The overall size and accuracy of 
the printed hydrogel construct is dependent on the volume contained in the syringe and 
the rheological properties of the hydrogel. Viscosity is known to play a key role in 
construct fidelity as high viscosity materials provide structural rigidity and support for 
successive layers as they are extruded.(23, 68) In addition, a secondary crosslinking step 
is typically used to lock in the printed shape and improve mechanical properties of these 
gels. For example, Hong et al. soaked the printed construct in calcium chloride solution to 
crosslink the alginate portion of the gel and prevent swelling and loss of shape. The Lewis 
group from the Wyss institute have expanded upon these techniques to create scaffolds 
using sacrificial inks in order to create vasculatures on the order of hundreds of microns 
in size with the potential to create scaffolds with many materials and cell types.(69, 70)  
Extrusion-based printers typically use either pneumatic pressure or a motor 
actuated plunger to deposit material.(71) Pneumatic systems provide simplified control 
over the application of force to the extruded material. The system is calibrated for each 
material with adjustments made to nozzle size, nozzle geometry (tapered tip, cylindrical 
needle, length), and gas pressure.(72-74) Precise control over the air pressure permits fine 
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tuning of the material deposition with increased pressures needed for more viscous 
materials.(75, 76) However, materials with different viscosities will extrude at differing 
rates when using the same pressure. Therefore, components of multi-material scaffolds 
need to be printed at differing speeds or using different pressures according to the viscosity 
of the material. Motor driven extrusion systems utilize a plunger to control the deposition 
of material, which allows for more sophisticated control over the deposition of material. 
Unlike pneumatic systems, a motor driven plunger permits variable extrusion speed and 
retraction to prevent unwanted extrusion as a result of built up pressure. These methods 
have been capable of printing materials with a wide range of viscosities.(16, 23, 26, 77, 
78) Recently, Kesti et al. has shown a combinatorial approach for printing poly(N-
isopropylacrylamide) (PNIPAAm) modified hyaluronic acid that involves dispensing 
hydrogel solution into a warm chamber at 37 °C cause gelation of the PNIPAAm, followed 
by UV photopolymerization for 10 seconds after each layer to lock in the scaffold 
geometry.  
Overall, SFF is one of the most versatile printing techniques to generate 
biomimetic scaffolds because of its ability to make multi-material constructs and print soft 
biomaterials such as hydrated gels. Adaptation of SFF techniques for tissue engineering 
has led to an increased range of available materials that have the requisite rheological 
properties to enable both extrusion and shape retention after extrusion. In comparison to 
the other techniques, SFF scaffolds are somewhat limited in their geometry without the 
use of a secondary support material. Additionally, due to the filamentous nature of SFF, 
printed scaffolds may exhibit anisotropic mechanical properties. This may be detrimental 
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due to potential delamination of the layers, but may be advantageous in creating scaffolds 
with intended alignment such as ligament or tendon. Although layer height and feature 
size is typically limited based on nozzle size, improvements in microdeposition resolution 
is currently being pursued for the recreation of more complex, multimaterial scaffolds.(69)  
1.3 Bioprinting of Cellularized Constructs 
Bioprinting is generally considered to be the application of additive manufacturing 
techniques to create cell-based scaffolds. Many of these techniques can be adapted to print 
with cells as long as the material, deposition method, and processing minimally impact 
cell viability and function. Biological materials used for printing need to match the native 
environment of the host environment in order to support the function of those cells. In 
addition, the cells must be able to overcome the shear stress during the printing process 
and survive the non-physiological conditions of the printing regime.(73, 77, 79-81) A wide 
variety of available bioprinting techniques have shown promise in creating complex 
architectures by using a “bioink” which is printed onto a substrate in a layer-by-layer 
process to create 3D constructs that mimic native tissue and organs.(68, 82-84)  
There are three broad categories of bioprinting, namely microextrusion, laser-
assisted, and inkjet-based bioprinting, Figure 1.5.(68, 85) In inkjet-based bioprinting, 
bioink droplets are deposited onto a substrate that gels to form polymeric structures. 
Microextrusion bioprinting on the other hand uses a mechanical extruder to deposit the 
bioink as the extruder is moved. Extrusion based bioprinting allows for the use of high 
cell density with easier processing but occurs at a slower speed compared to drop-based 
bioprinting.(18, 82) Laser-assisted bioprinting (LAB) has a picoliter (pl) resolution 
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through which cells and liquid materials can be printed. This method of printing is rapidly 
growing and shows promise to fabricate tissue-like constructs that mimic the physiogical 
behavior of their host counterpart.(86) Each of these bioprinting methods will be discussed 
coupled with a focus on their respective print mechanics, applications, and drawbacks. 
Key attributes of these printing techniques with comparisons of material selection, modes 
of processing, and cell viability are presented in Table 1.3. (18, 23, 68, 85)  
  
 18 
 
 
Figure 1.5. (1) Schematics comparison of commonly utilized 3D bioprinting techniques 
(a) microextrusion bioprinting, (b) laser-assisted bioprinting, and (c) inkjet bioprinting. 
(2) Exemplary scaffolds composed of 10% w/v gelatin methacrylamide illustrating the 
resolution and detail of microextrusion bioprinting.(Reprinted,(49) Copyright 2014, with 
permission from Elsevier). (3) Exemplary patterns consisting of a high density of cells in 
culture medium illustrating the resolution and detail possible with laser-assisted 
bioprinting. (Reprinted,(69) Copyright 2010, with permission from Elsevier) (4) 
Exemplary scaffolds composed of alginate and multiple cell types illustrating the 
resolution and detail possible with inkjet based bioprinting. (Reprinted,(80) Copyright 
2013, with permission from Elsevier) 
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Table 1.3. Comparison of commonly utilized bioprinting techniques. 
 
 
 
1.3.1 Extrusion Bioprinting. Due to the popularity of open source projects such 
as RepRap and Fab@home, extrusion-based printing methods have become one of the 
most economical techniques for rapid prototyping. Extrusion bioprinting is a type of SFF 
that typically involves pressure or screw/plunger actuated dispensing of a fluid containing 
cells and/or biomaterials. An ideal bioink for extrusion-based bioprinting should be shear 
thinning to allow for minimal resistance under flow but must also chemically or physically 
crosslink relatively quickly after extrusion in order support successive layers. 
Furthermore, possible detrimental effects of polymerization and shear forces on cell 
viability and function must be considered. The ability of extrusion-based bioprinters to 
accurately deposit material allows for the fabrication of complex patterned structures, 
Attributes  
 
Laser-Based 
(16, 18, 23, 68, 
69, 79, 80, 86-
102) 
Inkjet Based 
(18, 23, 68, 69, 79-
82, 84, 86, 87, 98, 
103-110) 
Extrusion-based 
(15, 16, 18, 23, 37, 38, 
40, 48, 49, 61, 68-70, 
98, 104, 111-121) 
Resolution  100-600 µm 50 µm wide 5 µm to mm wide 
Droplet Size >20 µm  50-300 µm 100 µm – 1 mm 
Materials Cells in media Liquids, gels Liquids, gels, pastes 
Fabrication 
Time 
Long Medium Short 
Cell Viability 95% 85% 40-80% 
Processing 
Modes 
Optical Mechanical, 
thermal 
Mechanical, thermal, 
chemical 
Hydrogel 
Viscosity 
1-300 mPa•s 30 mPa•s - 60 
kPa•s 
3.5-12 mPa•s 
Print Speed 200-1,600 mm/s 1-10k droplets/s 10-50 mm/s 
Gelation 
Methods 
Chemical, photo 
crosslinking 
Chemical, photo 
crosslinking 
Chemical, photo, 
physical crosslinking 
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including the use of multiple cell types.(23) Compared to the other methods discussed, 
extrusion-based bioprinting is capable of depositing materials with a high concentration 
of cells in order to accelerate growth and neotissue formation. For instance Yan et al. was 
able to print gelatin and chitosan hydrogel scaffolds containing hepatocytes utilizing 
extrusion-based bioprinting.(18) Increasing print resolution and print speed are challenges 
in extrusion-based bioprinting. Using biocompatible materials that have improved 
mechanical properties during the printing process will improve cell viability. Furthermore, 
modification of print mechanics might decrease print times and permit co-extrusion of 
multiple materials. Although fabrication time is relatively long to achieve high-resolution, 
complex structures, extrusion-based bioprinting has successfully demonstrated the 
fabrication of clinically relevant scaffolds for tissue engineering. Similar to other SFF 
techniques, extrusion bioprinting is ideally suited for biological materials because of its 
ability to deposit multiple materials with wide-ranging properties. Extrusion bioprinted 
scaffolds are typically soft, due to their high water content, and deposited material must 
undergo some form of gelation to support each layer. Therefore, without some kind of 
mechanical reinforcement, these scaffolds are typically limited to soft tissue applications. 
1.3.2 Laser-Assisted Bioprinting (LAB). Laser-assisted bioprinting (LAB), also 
known as Biological Laser Printing, is a group of techniques that utilize laser energy to 
facilitate transfer or coordination of scaffold materials. One type of LAB is laser-based 
direct writing (LDW) uses a laser pulse to locally heat a slide consisting of an energy 
absorbing layer and solution of cells. Laser patterning of biological scaffolds was first 
demonstrated by Odde et al. in 1999.(90) The laser pulse causes sublimation or 
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evaporation of material, expelling the solution of cells on the opposite side and which have 
been used to deposit fibroblasts, keratinocytes, and hMSCs (91), various cancer cell lines 
(122), and a range of biopolymers.(123) 
Laser-based direct writing is nozzle free thereby permitting the use of high-
viscosity bioink unlike that of drop-based bioprinting or extrusion-based bioprinting.(23, 
86, 88, 89) Additionally, lasers allow for high precision thus making this method ideal for 
bioprinting the smallest details of native tissues and organs.(23, 86, 88) Successful 
application of LDW printing can be traced to the work by Barron et al. where the team 
printed mammalian cells on a hydrogel.(23, 88, 89) Gaebel et al. utilized LAB printing to 
pattern human umbilical vein endothelial cells and hMSCs onto a polyester urethane 
cardiac patch that showed improved cardiac function up to eight weeks after myocardial 
infarction.(92) Although this technique allows for direct printing of cells, there remain 
several limitations that should be considered. The heat and damaging forces resulting from 
the laser pulse can have a detrimental effect on cell survival and long-term behavior.(23, 
88, 89) Additional challenges to LAB printing include increased build time, difficulty 
building scaffold height, and need for new biomaterials that can be cross-linked after 
deposition.(115, 124) Gudapati et al. reported that cell encapsulation in crosslinked 
hydrogels was critical for cell survival in laser-based bioprinting techniques.(97, 115, 124) 
Laser-assisted bioprinting methods offer the most precise positioning of cells and cellular 
material, but are the most limited in their ability to build constructs vertically. Laser based 
methods are most applicable in conjunction with other techniques or methods to create 3D 
scaffolds. 
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1.3.3 Inkjet Bioprinting. Inkjet bioprinting is a powerful method of precisely 
depositing cells and biomaterials that leverages sophisticated advances in 2D inkjet 
printing to create 3D scaffolds. In inkjet bioprinting a fixed volume of fluid is jetted into 
a precise pattern specified by the software.(23, 107) Inkjet bioprinting has become a 
popular method in fabricating cell-laden constructs that can mimic the complexity of 
native tissue or organs. One key advantage of this technique is the speed at which it can 
construct scaffolds while maintaining a complex 3D architecture.(115, 124) This speed 
also poses challenges as it severely limits the number of polymeric materials that can be 
used to bioprint as it requires the gelation time to be greater than or equal to the drop 
deposition time.(69) Inkjet bioprinters can be adjusted and specifically tailored to allow 
for printing materials at increasing resolutions and speeds.(18, 23, 68) Inkjet bioprinting 
utilizes thermal or piezoelectric energy to deposit droplets of solution into a predefined 
pattern.(18, 23) Inkjet bioprinters typically consist of one or many ink chambers with 
multiple nozzles corresponding piezoelectric or heating components (125) To eject a 
droplet of ink, a short pulse of current is applied to actuate the component. In thermal 
bioprinters, the sudden increase in local temperature causes vapor bubbles to form and 
collapse, ejecting ink droplets on to the substrate.(125) (18) In piezoelectric inkjet 
printing, piezocrystals actuate the chamber itself causing an increase in pressure, resulting 
in droplet ejection.(125) Deposition from the nozzle onto the print bed results when an 
electric charge induces vibration in the crystals.(18, 125) Heat and mechanical stresses 
generated during thermal inkjet bioprinting have been shown to adversely affect cell 
viability.(125) The largest detrimental effect occurs in the nozzle orifice where the 
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temperature there is greatest.(125) There is a need to mitigate and alleviate this issue. 
Lorber et al. were able to successfully print retinal ganglion and glia cells harvested from 
the adult central nervous system without causing an adverse effect on cell viability.(109) 
From this study, researchers were able to show that piezoelectric printing did not 
compromise the phenotype or activity of these cells.(109) In an effort to increase 
throughput and accessibility to this technology, Boland et al. reported the printing of 
thermosensitive gels by using a modified cartridge from a commercially available inkjet 
printer to create multilayer scaffolds.(82) Additionally, researchers have successfully 
demonstrated a multihead inkjet-based approach for bioprinting multiple cell lines into 
heterogenous scaffolds for tissue engineering.(126-128)  
A key disadvantage of inkjet printing is that the biological agents need to be in a 
liquid state to permit deposition. The deposited droplets must then solidify into the 
required geometry. To address this requirement, commonly used materials are crosslinked 
using physical, chemical, pH, or ultraviolet methods.(98) However, chemical crosslinking 
of many natural materials, such as those derived from extracellular matrix (ECM), 
modifies both the chemical and material properties and the use of some crosslinking 
mechanisms are known to pose a detriment to cells, thus decreasing cell viability and 
functionality.(129) While inkjet bioprinting allows for encapsulation of live cells, 
relatively low concentrations are required in order to form cohesive droplets and prevent 
clogging of the nozzle.(116, 117) Despite the addressed disadvantages, inkjet-based 
bioprinters continue to have great potential due to their low cost, high resolution, and high 
compatibility with many biomaterials. Because commercially available 2D printers 
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harness this technology, researchers can easily adapt components for research 
applications. The versatility of inkjet-based technology has refined the capabilities of these 
printers in order to accurately deposit fine droplets with precise volume to create high 
resolution scaffolds with cells intact. Droplet size can be modulated from 1-300 picoliters 
with deposition rates from 1–10,000 droplets per second.(23) Future work will continue 
to grow this technology to print more biologically relevant materials, and further retain 
functionality and bioactivity of cells and biomaterials. Multimaterial-printing utilizing 
inkjet technology is a developing adaptation that needs to be further developed to print 
multiple cell types in complex constructs. Inkjet bioprinting is capable of creating 
scaffolds with accuracy within 100 µm, which makes it very useful for creating complex 
tissue engineered scaffolds. While it is limited in its ability to produce tall structures 
because of the typical mechanical properties of the gel inks, the ability to print multiple 
materials and cell types makes it a useful method to create complex tissue with great 
accuracy.  
1.4 Summary, Key Challenges, and Future Directions  
The rapid growth in the 3D printing field has opened up new avenues and 
directions of research. Adaptation of current 3D printing techniques for biological 
applications has enabled the fabrication of tissue grafts and artificial organs. Although the 
field is still at a relatively early stage, pioneering research in tissue engineering of organs 
with 3D printing has shown great promise. Tissue engineering strategies have been used 
to replace portions of intestine (130), improve repair following myocardial infarction, 
(131) and even completely replace a bladder, (22, 132) and augmentation of scaffold 
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fabrication with 3D printing technologies stands to make enormous improvements in the 
sophistication of these strategies. In addition to tissue engineering, 3D printing has also 
been utilized in the field of drug delivery,(133) analysis of chemical and biological 
agents,(134) and organ-on-a-chip devices.(135) As highlighted in this review, the 3D 
printing process is continuing to evolve with different process mechanics that are being 
optimized to achieve specific outcomes in regenerative medicine. 
Despite the strong potential of 3D printing to improve regenerative strategies, there 
remain many challenges that relate to both the printing process and the materials available 
for printing. Processing challenges include the need for improved resolution, increased 
speed,(23, 72, 136), and printing processes that are compatible with cells.(74, 106, 136) 
Current efforts to improve printing resolution of lithographic techniques include the 
development of methods such as electron beam lithography and multiphoton absorption 
polymerization.(137-140) These methods are capable of creating extremely precise 
scaffolds with feature sizes on the order of tens of nanometers. As we depart from the 
modification of current technology and begin designing 3D printers to fabricate custom 
biomaterials and tissues, an expanding library of biomaterials compatible with the printing 
process is needed. Materials used for 3D bioprinting must adhere to three key criteria: 
scaffold materials must 1) be biocompatible, 2) support cell growth and differentiation, 
and 3) sufficiently retain its shape in order to preserve scaffold integrity until solidification 
locks in the scaffold geometry.(16, 18, 25, 64, 80, 83) As a result, currently published 
work use a limited range of materials such as collagen, gelatin, hyaluronic acid, alginate, 
modified copolymers, and photopolymerizable macromers. Additionally, the design of 
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complex scaffolds that mimic tissue is driven by our understanding of the composition 
and cellular distribution of those tissues. Therefore, additional fundamental research is 
needed to be able to accurately image and map complex tissues in order to reproduce 
scaffolds with the requisite structure and biological cues. 
Although there are many challenges specific to printing of materials with cells, 
development of printable biomaterials remains one of the most important and predominant 
areas of research. Many biomaterials are inherently printable because of their design or 
modification for creating tissue engineered scaffolds. Hydrogel biomaterials are typically 
used with SLA due to their low viscosity, but current research focuses on improving 
rheological properties to allow for larger and higher fidelity scaffolds with SFF 
techniques. Other biomaterial systems such as high internal phase emulsions (HIPEs) have 
been adapted for use with SLA, but because of their tunable rheology, can be modified for 
use with SFF methods. Current research areas ranges from rheology and porosity to 
chemistry and mechanical properties. With the wide range of adjustable parameters, 
emulsions provide a highly tunable system to achieve a wide range of physical and 
chemical properties. 
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2. EMULSION INKS FOR 3D PRINTING OF RIGID SCAFFOLDS*
2.1 Introduction 
Photocurable emulsion inks for use with solid freeform fabrication (SFF) to 
generate constructs with hierarchical porosity are presented. A high internal phase 
emulsion (HIPE) templating technique was utilized to prepare water-in-oil emulsions from 
a hydrophobic photopolymer, surfactant, and water. These HIPEs displayed strong shear 
thinning behavior that permitted layer-by-layer deposition into complex shapes and 
adequately high viscosity at low shear for shape retention after extrusion. Each layer was 
actively polymerized with an ultraviolet Cure-on-Dispense (CoD) technique and 
compositions with sufficient viscosity were able to produce tall, complex scaffolds with 
an internal lattice structure and microscale porosity. Evaluation of the rheological and cure 
properties indicated that the viscosity and cure rate both played an important role in print 
fidelity. These 3D printed polyHIPE constructs benefit from the tunable pore structure of 
emulsion templated material and the designed architecture of 3D printing. As such, these 
emulsion inks can be used to create ultra-high porosity constructs with complex 
geometries and internal lattice structures not possible with traditional manufacturing 
techniques. 
*Reprinted with permission from “Emulsion Inks for 3D Printing of High Porosity
Materials.” by Sears NA, Dhavalikar PS, Cosgriff-Hernandez E, 2016. Macromolecular 
Rapid Communications, 37(16), 1369-74 Copyright [2016] by John Wiley and Sons. 
_____________________________________
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Emulsion templating has emerged as a popular technique for the creation of porous 
polymers because it offers excellent control over pore size and interconnectivity.(141) In 
this method, a reactive macromer is emulsified with an immiscible liquid and the internal 
volume fraction increased above 74% to generate a high internal phase emulsion (HIPE). 
Polymerization of the continuous macromer phase to lock in the emulsion geometry results 
in a porous material, termed a polyHIPE, with high surface area and permeability.(142, 
143) Porous monoliths,(144-146) microspheres,(147, 148) and films(149, 150) have been 
fabricated using this technique and investigated for diverse applications from nucleophilic 
catalyst supports(151, 152) to drug delivery vehicles(148) and injectable bone grafts.(48, 
153) 
Although polyHIPEs are highly tunable, porous materials, a mold or sacrificial 
material is needed to impart secondary structure to the flowable emulsion precursor. 
Additionally, creation of polyHIPEs with interconnected porosity becomes difficult with 
pore sizes greater than 50 μm.(144, 154) Many strategies have been employed to alter the 
pore architecture, such as the addition of porogens (145, 155) or alternate emulsion 
stabilizers;(144) however, these methods typically lead to closed pore structures or 
decreased mechanical properties. In contrast, recent advances in additive manufacturing 
methods have demonstrated the ability to optimize mechanical function as well as mass 
transport through designed, porous architectures.(156, 157) To this end, researchers have 
recently explored methods based on stereolithographic apparatus (SLA) to fabricate 
constructs with precise architectures from emulsion-templated materials.(154, 158, 159) 
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The combination of the highly porous polyHIPE material and an additive manufacturing 
design process would enable a vast array of complex geometries and hierarchical porosity.  
The rheological properties of HIPEs can be tuned to permit the low viscosity 
necessary for fabrication with SLA.(143, 153, 160) However, the shear-thinning nature of 
HIPEs and ability to achieve high viscosity pastes that do not slump or spread also enables 
the use of extrusion methods such as solid freeform fabrications (SFF). SFF may provide 
a more adaptable system that is uniquely poised to reduce material cost and volume 
requirements. SLA requires a relatively large reservoir volume, as tall as the printed 
construct, whereas SFF only requires the volume of the printed construct with very little 
waste material. In addition, the ability for SLA to create multimaterial constructs is 
extremely limited,(58) which restricts future development of more complex constructs. 
Here we describe a new SFF technology capable of printing curable emulsion inks 
to form porous polyHIPE foams with hierarchical porosity. Briefly, HIPE material is 
deposited layer-by-layer using an open source 3D printer equipped with a syringe and 
motor-actuated plunger. Emulsions inks are rapidly cured after deposition by constant UV 
irradiation to form high porosity constructs in a method we term Cure-on-Dispense (CoD) 
printing, Figure 2.1. These 3D printed polyHIPE constructs benefit from the tunable pore 
structure of emulsion templated materials and the fine control over complex geometries 
of 3D printing that is not possible with traditional manufacturing techniques.(141, 161) 
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Figure 2.1. Schematic of emulsion ink printing setup with UV Cure-on-Dispense (CoD). 
 
3D printing of viscous materials has recently been investigated for a variety of 
applications.(37, 67, 125, 162) These studies have identified key characteristics for 
successful construct fabrication, including shear-thinning behavior to permit extrusion at 
typical printing shear rates, a sufficiently high shear elastic modulus and shear yield 
strength to prevent slump after exiting the nozzle, and a rapid post-extrusion solidification 
method. To develop a printable emulsion ink, the effects of HIPE viscosity and cure rate 
on print fidelity were investigated. Three series of HIPEs were formulated containing a 
low viscosity component, poly(propylene glycol) dimethacrylate (PPGDMA), and 0, 20, 
or 40 mol% of a high viscosity component, diurethane dimethacrylate (DUDMA). Given 
that these macromers have similar molecular weights and functionality, the increased 
viscosity of the DUDMA was attributed to the hydrogen bonding of urethane groups.  UV 
intensity was modulated to alter the cure rate during print without impact on other 
compositional variables. Line slump was quantified using scanning electron microscopy 
and correlated to print fidelity. The versatility of the printable emulsion inks was then 
demonstrated with a range of printed construct geometries. 
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2.2 Materials and Methods 
2.2.1 Emulsion Inks. Polyglycerol polyricinoleate (PGPR 4125) was donated by 
Paalsgard. Poly(propylene glycol) dimethacrylate (PPG-DMA, MW = 560 Da, CAS-No 
25852-49-7), diurethane dimethacrylate (DUDMA, MW = 471 Da, CAS-No 72869-86-
4), phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO). All chemicals were 
purchased from Sigma Aldrich and were used as received. HIPEs were prepared using the 
FlackTek Speedmixer DAC 150 FVZ-K.  
Briefly, DUDMA, PPG-DMA, BAPO photoinitiator, and PGPR surfactant (10% 
of the macromer phase) were mixed in the speedmixer cup at 2500 rpm for 2.5 minutes. 
Once thoroughly mixed, an aqueous solution of deionized water and calcium chloride (5% 
w/w) was added in stages for a total internal volume fraction of 75%. The emulsion was 
mixed after each addition at 2500 rpm for 2.5 minutes. Calcium chloride was used to 
prevent Ostwald ripening and improve homogeneity. Successful HIPEs were typically 
characterized by an opaque white appearance with an increase in viscosity, similar to 
mayonnaise or Elmer’s Glue®. 
2.2.2 Ink Rheology. The rheological properties of HIPE formulations were 
measured using a controlled stress rheometer (Anton Paar Physica MCR 301) fitted with 
parallel plate geometry (Anton Paar Measuring Cone CP50-1/Q1, 50 mm diameter). A 
small volume (2.5 mL) of each HIPE formulation was poured into the specimen holder at 
25°C and allowed to acclimate for 60 seconds. Oscillatory-shear measurements were 
carried out at 1 Hz with a stress amplitude range of 0.1 to 1000 Pa. Viscometry 
measurements were performed at a shear rate of 0.01 to 100 s-1.  
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2.2.3 3D Printing. 3D-printed polyHIPE constructs were fabricated utilizing SFF. 
Emulsions were loaded into a custom RepRap-style 3D printer equipped with an EMO-25 
emulsifiable extruder (HYREL 3D) and a 22 gauge (413 μm) blunted stainless steel needle 
(Sigma Aldrich). To provide accurate results for single and dual layer prints, placing the 
nozzle at a consistent distance from the build platform was achieved by enabling automatic 
bed leveling in the printer’s firmware. Using the nozzle and build plate as a circuit, 
electrical continuity was used as a measure of contact. Using this method, the height of 
the surface of the build plate was determined at a precision of ~ 2 µm. Gcode was created 
with slic3r version 1.2.9 by slicing a cylinder with a diameter of 20 mm and height of 0.2 
mm, 0.4 mm, 2 mm, or 4 mm to create one layer, two layer, small, and large constructs, 
respectively. The following settings were used for printing: printing speeds of 10 mm/s, 
nonprinting speeds of 25 mm/s, layer thickness of 200 μm, infill of 50 or 70% (rectilinear 
grid), extrusion width of 0.6 mm, one perimeter, and no top or bottom solid layers. 
Constructs were subjected to UV light while each layer was printing, and for 10 seconds 
following each print. Due to their geometric similarity, each layer was subjected to UV 
for approximately the same length of time, approximately 90 seconds, and the final layer 
was given additional time to cure since it had no following layers. No other post-print 
curing was necessary. The UV source consisted of four UV LEDs (365 nm, 700 mW 
radiant flux) positioned at a 5 cm vertical distance and 2 cm radial distance from the 
printing nozzle. Radiant flux was measured using a radiometer (Solar Light, PMA2200) 
equipped with a UV-A detector (PMA2110) positioned at the tip of the nozzle. A 
maximum value of 100 mW/cm2 was measured at 100% output and proportional values 
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were achieved with pulse width modulation of the output. A UV shield, 20 mm in diameter 
was positioned 1.5 mm from the nozzle tip in order to prevent HIPE from curing on or 
within the nozzle. A schematic of this printing setup is included in supplemental 
information. 
2.2.4 Characterization. All specimens were cured under using the 365 nm UV 
cure-on dispense source and dried under vacuum for 24 hours to remove water. Gel 
fraction was obtained by soaking printed constructs in dichloromethane for 24 hours, 
followed by vacuum drying to obtain the final weight. It was assumed that surfactant was 
removed by this process and the weight of the surfactant was subtracted from the initial 
weight for gel fraction calculations. Samples were qualitatively examined by optical 
microscopy. A printable ink possessed clean breaks in filaments without tailing during 
stops/starts, channel size scalability with applied pressure, and shape retention throughout 
the entire process. An acceptable construct supported the filaments without introducing 
filament breakup due to viscous drag induced by nozzle translation during the printing 
process. The effect of infill (50% vs 70%) and print layers (5 vs 20) on print fidelity was 
evaluated for each composition. 
2.2.5 SEM Analysis. The effect of composition and cure rate on line slump of dual 
layer prints was evaluated using SEM (JOEL 6500) equipped with a rotating/tilting stage. 
The construct was first cut with a razor blade vertically, perpendicular to the lines, to 
reveal the cross sections of interest. Specimens were then coated with gold, imaged, and 
the line width and height measured using ImageJ. A minimum of 3 lines were analyzed 
per print for 3 separate prints (n = 9). 
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2.3 Results and Discussion 
2.3.1 Rheological Characterization. The rheological behavior of the emulsion 
inks is shown in Figure 2.2. All inks exhibited shear thinning behavior with sufficiently 
low viscosity at typical printing shear rates (<10 Pa•s at a shear rate of 50 s-1) to permit 
extrusion. Increasing DUDMA content resulted in an increase in low-shear viscosity (at 
0.01 s-1) with values of 770 ± 40, 1310 ± 210, and 3320 ± 430 Pa•s for HIPEs with 0, 20, 
and 40% DUDMA, respectively (Figure 2a). The shear storage moduli (G’) of the 
emulsion inks are higher than the shear loss modulus (G”), which highlights the 
viscoelastic character of the inks and ability to maintain their printed filamentary shape. 
In particular, the plateau value for G’ of the formulation with 40% DUDMA exceeded G” 
by an order of magnitude at low stress. This suggests that an increase in DUDMA content 
should increase shape retention after extrusion while maintaining the ability to be extruded 
under modest applied pressures due to its strong shear-thinning behavior. At the crossover 
point between the two moduli curves, the shear yield stress (τy) was 9.3 ± 0.9, 33.3 ± 1.1, 
and 53.4 ± 1.2 Pa for HIPEs with 0, 20, and 40% DUDMA, respectively (Figure 2b). 
Although the addition of the viscous DUDMA component enhances the yield stress, these 
values are likely insufficient to support subsequent layers and build construct height. 
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Figure 2.2. Log-log plots of (a) viscosity as a function of shear rate and (b) shear storage 
and loss moduli as a function of shear stress for HIPEs of varying composition. 
 
2.3.2 Effect of Cure Rate. In order to achieve emulsion inks with sufficient 
strength to build large, multilayer constructs, cure-on-dispense (CoD) technology was 
utilized to initiate radical crosslinking of the ink upon extrusion and harden the extruded 
filament prior to the addition of subsequent layers. To elucidate the effect of rapid 
polymerization and ink rheological properties, simple constructs with one or two layers 
were printed, sectioned, and examined under scanning electron microscopy. Viewing the 
filament cross-sections at a 45° angle permitted quantification of line spreading and any 
corollary reduction in line height. To this end, simple constructs were printed with a layer 
height of 0.2mm, an extrusion width of 0.6 mm and a photoinitiator concentration of 1% 
while varying both the UV intensity and DUDMA content. The “slicing” software, which 
converts the model into instructions for the printer, calculates extrusion volume needed 
fill the length of a given line with the theoretical cross-sectional geometry. This geometry 
is defined as a rectangular prism with two semicircular ends, with height equal to the layer 
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thickness, and width (including the semicircular ends) equal to the extrusion width. As 
expected, an increase in UV intensity and DUDMA content displayed a decrease in line 
width and increase in line height, Figure 2.3. Measurements of line width and height were 
expressed as the mean ± standard deviation. Single factor ANOVA with Tukey’s post hoc 
test was applied to determine statistical significance. All compositions with 40% DUDMA 
were found to have significantly decreased line width relative to all compositions with 0% 
DUDMA, Figure 3b. This was attributed to the increased low-shear viscosity and 
increased yield stress of this ink composition; however, these materials did not 
demonstrate bridging in dual layer prints (supplemental information). Compositions with 
40% DUDMA that were subjected to 100 mW/cm2 were found to have significantly 
increased height (p=0.005) relative to all compositions without UV curing, which 
highlights the utility of CoD to enhance shape retention of the filament after extrusion. 
The combination of increased low-shear viscosity and rapid hardening with CoD resulted 
in observed line bridging in multi-line constructs, Figure 3c. Line bridging is critical for 
print fidelity due to the loss of height and subsequent print failure that occurs with filament 
layer fusion.  
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Figure 2.3. Measured cross sectional heights (a) of the first deposited layer for different 
PolyHIPE compositions and UV intensities. Example cross sections for each 
composition (b) and resulting dual layer constructs (c) show the effect of increased 
DUDMA on line spreading, height reduction, and ability to span gaps between extruded 
strands for prints subjected to 100 mW/cm2. Statistical significance (*) was accepted for 
p<0.005. Prints with 0 mW were subjected to no UV during printing, followed by 10 
mW of UV for 10 seconds after completion of each layer. 
 
2.3.3 Combined Effect on Print Fidelity. In order to correlate the observed 
filament behavior with construct print fidelity, cylinders with a diameter of 20 mm and 
varied height were printed with each composition using 1% photoinitiator and a UV 
intensity of 100 mW/cm2, Figure 2.4. The effect of HIPE composition and rheology on 
print fidelity was then evaluated. First, successful prints were identified that could build 
height without failure caused by disruption of the deposited lines. Print fidelity was then 
determined by dimensional analysis as compared to the programmed dimensions. 
Constructs with a height within a single layer thickness, 0.2mm, and diameter within a 
single extrusion width, 0.6 mm, were considered high fidelity. The low-shear viscosity of 
the emulsion inks had the greatest impact on print fidelity. As expected, HIPEs with 0% 
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DUDMA were unable to build height, failing after 1 mm. HIPEs with 20% DUDMA were 
able to build height but failed to print 4 mm constructs without defects. All of the prints 
with the HIPEs with 40% DUDMA displayed good dimensional fidelity with few blobs, 
smears, or unwanted spreading. At lower viscosity, print failure was attributed to the 
increased line spreading observed in the previous study. With decreased line height, the 
distance between the nozzle and printing layer becomes too large to accurately deposit 
extruded material and forms a droplet on the nozzle tip. This droplet is either deposited on 
the construct as a defect or polymerizes to the tip of the nozzle. This can result in a 
brushing effect prior to full cure that results in the line fusion seen in 4 mm constructs 
with 0% and 20% DUDMA, eventually failing due to a cumulative reduction in line 
height. Infill density, the volume of filled internal space within the perimeter lines, was 
modulated to evaluate the effect of increased mechanical reinforcement on construct 
fidelity. It was found that increasing infill from 50 to 70% markedly increased print quality 
in most cases. Although no acute failures or gaps were noted for HIPEs with 40% 
DUDMA, increased infill density resulted in a cleaner print with fewer defects. The higher 
infill density enabled HIPEs with 20% DUDMA to successfully print shorter constructs 
and delayed failure of taller constructs until after layer 15. The increased fidelity at higher 
infill was attributed to the increased density of support strands for the subsequent filament 
deposition that minimized line slump between support strands (supplemental 
information).  Gel fraction of printed constructs was in the range of 90-95% after 
accounting for surfactant content, indicating high conversion. 
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Figure 2.4. Optical images of 5 and 20 layer constructs (1 mm and 4 mm, respectively). 
One set was done with 50% infill (a) and one with 70% infill (b) to show the effect of 
filament density on print fidelity. 
 
2.3.4 Evaluation of Large Printed Constructs. Finally, several geometries were 
selected to demonstrate the ability to print large, complex constructs with these emulsion 
inks using CoD. A skull defect, approximately 40 mm x 60 mm x 2 mm, was modeled in 
Solidworks based on CT data, Figure 2.5. The model was then printed using the 40% 
DUDMA composition, resulting in a construct with high dimensional fidelity. Other 
complex geometric shapes were printed to evaluate the ability to create vertical and 
horizontal holes, as well as solid and sloping faces. 
 40 
 
 
Figure 2.5. Full construct prints of emulsion inks that demonstrate versatility of cure-on-
dispense technology. (a) CT data used to determine precise geometry of skull defect, 
gcode representation of the print, and resulting printed construct. (b) Example models 
and prints with custom geometry that could be used to make constructs with complex 
geometry. 
 
2.4  Conclusions 
In summary, we have developed a system for tuning and optimizing rheological 
and cure properties for 3D printing with SFF. We utilized this system to adapt emulsion 
templated materials into emulsion inks, and have successfully fabricated scaffolds with 
hierarchical porosity. Emulsion inks are compatible with nearly any hydrophobic 
macromer allowing development of inks with limitless chemical and material properties. 
Modulation of rheological properties resulted in inks with increased viscosity at low shear 
rates, necessary for shape retention after extrusion, while retaining necessary shear-
thinning characteristics. The addition of cure-on-dispense to the SFF setup enables the 
printing of a broader range of inks that rapidly cure after extrusion to support subsequent 
layers and printing of large constructs.  
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Formation of the emulsion with water as the droplet phase allows for printing 
interconnected, porous materials with little or no need for porogen removal. As such, they 
can be used to create ultra-high porosity constructs with complex geometries and internal 
structure that is not possible with traditional manufacturing techniques. While these 
materials have proven mechanically strong enough for handling, processing parameters 
like infill density, infill geometry, and perimeter thickness have a direct impact on scaffold 
properties. In order to overcome these limitations, it may be necessary to hybridize this 
method with other SFF methods like thermoplastic extrusion to print multimaterial 
scaffolds with synergistic properties. For example, a porous material from the emulsion 
inks can be printed in parallel with a thermoplastic polymer such as PLA of PCL to 
generate composites with increased strength and permeability.   
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3. MULTIMATERIAL PRINTING EMULSION INKS TO ENHANCE
BIOMIMICRY 
3.1 Introduction 
3D printing technologies has led to an expanding number of printable biomaterials 
and tissue engineered scaffold designs (18, 64, 163-165). Various methods for printing 
biomaterials have been adapted from existing methodologies such as stereolithography 
(166), powder-fusion (167), and extrusion deposition (168). Each of these methods 
provides advantages and limitations in terms of resolution, speed, accuracy, and material 
selection. For example, stereolithographic methods provide exceptional resolution but are 
typically limited in biomaterial selection to a relatively few number of low viscosity, 
photocurable resins. Extrusion-based methods offer more modest resolution but are 
capable of printing a broader range of materials including hydrogels (98), ceramics (34), 
and, more recently, curable emulsion inks (169). In addition, it is more readily adapted to 
printing multi-material constructs with the potential to more closely mimic native tissue 
complexity(170). 
Curable emulsions such as those based on high internal phase emulsions (HIPEs) 
are good candidates for bioinks because of their high porosity and tunable rheology. HIPEs 
exhibit low viscosity at typical printing shear rates, allowing for extrusion, and high 
viscosity at low shear, allowing them to retain their shape after extrusion until cured. We 
recently demonstrated the feasibility of using emulsion inks based on HIPEs to print 
complex anatomical models (169). The resulting constructs were rigid foams with 
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interconnected porosity that are well suited for use as bone graft; however, this study 
utilized hydrophobic, photopolymerizable macromers that were non-degradable and not 
established as biocompatible. The objective of this study was to identify an emulsion ink 
with the requisite properties for use as a biomaterial scaffold for bone regeneration. 
Fumarate-based biomaterials have demonstrated strong promise as bone grafting 
biomaterials and have a demonstrated in vivo degradation profile, biocompatibility, and 
osteoconductivity (171-173). Propylene fumarate dimethacrylate (PFDMA) is a low 
viscosity, hydrophobic macromer that has the requisite properties for HIPE formation. 
Studies investigating PFDMA polyHIPE as an injectable bone graft reported that the 
resulting scaffold was biodegradable, cytocompatibility, and displayed excellent 
compressive properties (48, 174, 175). Based on this established potential as a bone graft 
material, we investigated PFDMA HIPEs as an emulsion ink for 3D printing bone grafts 
and characterized the print fidelity, permeability, mechanical properties, and 
cytocompatibility of the resulting scaffolds. 
It remains challenging to achieve the compressive mechanical properties of bone 
while maintaining the requisite porosity that supports both cellular infiltration and the 
necessary permeability to support nutrient and waste transport for cell survival. In contrast 
to current bone grafts with homogenous structures, native bone anatomy is more complex 
with dense cortical bone surrounding the more porous trabecular bone and vascular supply 
provided through Volkmann and haversian canals. In order to mimic this structure, a 
HYREL printer was adapted to achieve multi-modal printing combining emulsion ink 
paste extrusion with Cure-on-Dispense (CoD) and high temperature thermoplastic 
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extrusion. Herein, we present an open source method for printing multi-material bone 
grafts based on PFDMA polyHIPEs with hierarchical porosity and reinforced with a dense 
shell of poly(ϵ-caprolactone) (PCL) or poly(lactic acid) (PLA), Figure 1. The print fidelity 
of dual material deposition was evaluated and the effect of the polyester shell on 
compressive mechanical properties was characterized. Overall, these studies were used to 
determine the potential advantages of combining emulsion inks with traditional 
thermoplastic extrusion printing to generate biomimetic bone grafts with enhanced 
mechanical properties and increased permeability to support cell viability.  
 
Figure 3.1. Example workflow for developing a custom biomimetic bone grafts from a 
jaw segment (thingiverse thing:887), developed g-code, and resulting constructs printed 
with emulsion ink and thermoplastic extrusion. 
 
3.2 Materials and Methods 
3.2.1 Emulsion Inks. Polyglycerol polyricinoleate surfactant (PGPR 4125) was 
donated by Paalsgard (Juelsminde, DK). Calcium chloride and phenylbis (2,4,6-
trimethylbenzoyl)-phosphine oxide (BAPO) were purchased from Sigma-Aldrich and 
used as received. PFMDA was synthesized in a two-step process and purified as detailed 
previously(175). Briefly, the diester, bis (1,2 hydroxypropyl) fumarate, was synthesized 
by adding propylene oxide dropwise to a solution of fumaric acid and pyridine in 2-
butanone and refluxing at 75°C for 18 hours. Following purification, the diester product 
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was then endcapped with methacrylate groups using methacryloyl chloride in the presence 
of trimethylamine and purified prior to use. Emulsion inks were prepared using a FlackTek 
Speedmixer DAC 150 FVZ-K as previously described(176). Briefly, PFDMA was 
combined with 10 wt% surfactant and 1 wt% of the BAPO photoinitiator and mixed for 
2.5 minutes at 2500 rpm prior to emulsification. Once thoroughly mixed, an aqueous 
solution of calcium chloride (5 wt%) was then added to the organic phase (w:o 75:25) in 
three additions and mixed at 500 rpm for 2.5 minutes after each addition. A final mixing 
period of 2.5 minutes at 2500 rpm was used to improve homogeneity and increase 
viscosity for printing. The calcium chloride was used to prevent Ostwald ripening and 
improve homogeneity. Successful emulsion inks were typically characterized by an 
opaque white appearance and paste-like consistency. 
The rheological properties of the PFDMA HIPE were measured using a controlled 
stress rheometer (Anton Paar Physica MCR 301) fitted with parallel plate geometry 
(Anton Paar Measuring Cone CP50-1/Q1, 50 mm diameter). A small volume (2.5 mL) of 
the HIPE was poured into the specimen holder at 25°C and allowed to acclimate for 60 
seconds. Oscillatory-shear measurements were carried out at 1 Hz with a stress amplitude 
range of 0.1 to 1000 Pa. Viscometry measurements were performed at a shear rate of 0.01 
to 100 s-1.  
3.2.2 Thermoplastic Feedstock. PCL (MW = 43K, CAS# 24980-41-4) was 
purchased from PolySciences, Inc, Warrington, PA. PCL feedstock was prepared by 
loading PCL pellets into the extruder syringe and placing upright in a vacuum oven at 
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100°C under full vacuum (<1 mbar) for one hour. The PCL extruder was then removed 
and allowed to cool to room temperature for one hour. The process was repeated five times 
in order to condition the feedstock and allow for greater crystallization and a higher 
melting temperature. Chroma-Line brand PLA (NatureWorks 4042D resin, CAS# 26100-
51-6) filament, selected for its high purity and absence of pigments or additives, was 
purchased from justpla.com and used as received. 
3.2.3 Multi-Modal Printer Modifications. A HYREL EMO-25 paste extruder was 
modified to create the cure-on-dispense (CoD) extruder for emulsion inks as previously 
described (177), Figure 3.2A. Briefly, 4 3-watt UV LEDs (365 nm, Mouser Electronics, 
Mansfield, TX) were mounted to a heat sink and affixed to the extruder syringe, 
approximately 50 mm above the nozzle tip. A luer lock adapter and a 22 AWG blunted 
stainless steel needle, 6.35 mm in length, was used as the nozzle. 
The PCL extruder was created by modifying a HYREL EMO-25 extruder by 
adding a heater, heat sink, and nozzle, Figure 3.2B. The heater consists of approximately 
45 cm of 24 AWG nichrome resistance wire (nichrome 60, 5.48 ohms/m, Jacobs Online) 
resulting in an approximate 60-watt load at 12 V. The heater wire was wrapped in kapton 
tape and coiled around the extruder syringe cap to isolate heating to the tip of the extruder. 
A custom heat sink was created to dissipate heat above the heater and further isolate the 
melt zone and improve extrusion responsiveness. The nozzle adapter thread was modified 
from a #10-32 to 6x1 mm to allow for compatibility with a standard brass 3D printer 
nozzle (0.4 mm nozzle, e3d-online). 
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A HYREL MK1 thermoplastic extruder was modified with an E3Dv6 hot end to 
allow for printing of PLA filament, Figure 3.2C. The 3D model for adapting the MK1 
extruder body to the E3D hot end can be found at http://3dprint.nih.gov/discover/3dpx-
003665. 
Figure 3.2 Custom setup with modified paste extruder based on HYREL EMO-25 with 
UV LED and heat sink for printing photocurable emulsion inks with Cure-on-Dispense 
(CoD) (A), modified thermoplastic extruder based on HYREL EMO-25 with heater 
wire, heat sink, and nozzle for printing PCL (B), modified HYREL MK1 thermoplastic 
filament extruder with an E3Dv6 hot end for printing of PLA (C). 
The 3D printer was based on a HYREL Engine E5 modified with an open-source 
RAMPS v1.4 electronics set and external MOSFETs for controlling two extruders, three 
heaters, and four fan/LED outputs. The external MOSFETs were externally powered and 
accepted up to 24 V, allowing precise tuning of the voltage driving the UV LED cure 
source. A customized version of the open source Marlin firmware (v1.1.0 RC4) was used 
to allow for precise probing of the build plate with the “Auto Bed Leveling” feature and 
calibration of the position of the second extruder in three-dimensional space. This was 
particularly important to precisely dispense each material, prevent unintended overlap, 
and prevent collision of the heads with extruded material. Using this method, the surface 
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plane of the build plate was determined at a precision of ~2 µm. After the ABL procedure 
was performed, the height of the second extruder nozzle was then determined with a 
second manual probing method. The relative distance between the extruder in X and Y 
was calibrated using a camera mounted to the build platform. Increased-precision 
DRV8825 stepper drivers (Pololu Robotics and Electronics, 1/32 micro-stepping) were 
used for the X and Y axes to position the extruders with a microstep resolution of ~1.875 
µm. 
3.2.4 Scaffold Fabrication. Simple models were created in OpenSCAD by 
creating a cylinder (h = 4 mm, r = 4 mm). Models with channels were generated by 
subtracting a spiraling pattern of rectangular channels (0.9 mm wide, 0.6 mm tall). The 
pattern was selected in order to allow for one layer (0.2 mm) between each channel and a 
rotation of 45° from one channel to the next. Complex prints of anatomical models were 
obtained from http://3dprint.nih.gov or http://www.thingiverse.com. G-code was created 
with slic3r version 1.2.9 using the following key settings: printing speeds of 10 mm/s, 
nonprinting speed of 25 mm/s, layer thickness of 200 μm, infill of 70 or 100% (rectilinear 
grid), extrusion width of 0.6 mm, one perimeter, and no top or bottom solid layers. G-code 
for constructs with thermoplastic shells was created by selecting the thermoplastic 
extruder for perimeters. To increase adhesion, masking tape was applied after probing and 
the print was offset by the thickness of the tape. To reduce print defects, a single skirt of 
thermoplastic material was used around the construct for the entire height of the print. 
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Repetier-Host was used to send the g-code to the printer. Custom post-processing 
scripts were used to position the second extruder prior to each print in order to calibrate 
its relative position. Additional scripts were used to move the extruders to a wipe position 
during every fifth retraction to keep the nozzles clean and to turn off the UV for the 
emulsion ink extruder when not in use. Emulsion inks were subjected to UV light with an 
intensity of 100 mW/cm2 while the emulsion ink extruder was in use, and the final layer 
was given additional time to cure since it had no subsequent layers. No other post-print 
curing was performed. 
3.2.5 Compressive Testing. The effect of emulsion ink infill printing and 
thermoplastic shell reinforcement on the compressive modulus and yield strength of the 
construct was investigated following guidelines from ASTM D1621-04a. Cylindrical 
specimens (8 mm diameter, 4mm tall)  were tested using an Instron 3300 at a strain rate 
of 50 mm/s. The compressive modulus was calculated from the slope of the linear region 
and the compressive yield strength was identified, after correcting for zero strain, as the 
stress at the yield point or 10% strain, whichever point occurred first. Reported 
compressive moduli and yield strength data were averages of four printed specimens. 
3.2.6 Scanning Electron Microscopy (SEM). All specimens were dried under 
vacuum for 24 hours to remove water prior to imaging microscale porosity and multi-
material boundaries. Specimens were coated with gold and examined under SEM (JEOL 
6500). A minimum of 3 printed specimens were analyzed in 4 orthogonal positions (n = 
12) at the boundary between materials to evaluate the interfacial cohesion.
 50 
 
3.2.7 Permeability Testing. Scaffold interconnectivity was characterized by 
measuring Darcy permeability using the Forchheimer-Hazen-Dupuit-Darcy equation: 
−
𝜕𝑃
𝜕𝑥
=
𝜇
𝐾
𝑣0 + 𝜌𝐶𝑣0
2  (1) 
where -dP/dx is the pressure gradient along the sample in the direction of flow (Pa/m), 𝜇 
is the dynamic viscosity of the fluid (Pa·s), K is the intrinsic permeability of the (scaffold, 
sample) (m2), 𝑣0 is the Darcy velocity (flow rate divided by cross-sectional area of the 
(scaffold, sample) (m/s), 𝜌 is the density of the fluid (kg/m3), and C is the form factor of 
the (scaffold, sample) (m−1). Muschenborn et al. previously described the experimental 
details for measuring the permeability and form factor of porous polymers (178). Briefly, 
scaffolds were printed and inserted into a 3D printed sample holders (inner diameter = 9 
mm), Figure 3.3A. The sample holder consisted of two mirrored pieces, bolted together, 
and sealed with an o-ring. Each specimen was measured with two pressure transducers 
(PX429-2.5G5V, Omegadyne Inc) connected at the upstream and downstream pressure 
port locations, Figure 3.3B. Water flow at room temperature was enabled via a gear pump 
(Chemsteel R106, Oberdorfer), a servo motor (750 W M-series, Applied Motion 
Products), and a motor controller (BLuAC5-Q, Applied Motion Products). The output 
voltage of the pressure transducers was recorded at 1 Hz through a data acquisition system 
(USB6251, National Instruments) for 120 seconds. The flow rate was measured manually 
using a stop watch and graduated cylinder. A second-order least squares of pressure 
gradient versus Darcy velocity was implemented for nine values to calculate permeability 
(𝐾). 
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Figure 3.3 Custom permeability sample chamber (A); custom permeability testing setup 
schematic (B).  
3.2.8 Cell Culture. Human bone marrow-derived mesenchymal stem cells 
(hMSCs) were obtained from the Center for the Preparation and Distribution of Adult 
Stem Cells at Texas A&M Health Science Center College of Medicine, Institute for 
Regenerative Medicine at Scott & White through NIH Grant # P40RR017447. Cells were 
cultured to 80% confluency in standard media containing Minimum Essential Media α 
(MEM α, Life Technologies) supplemented with 16.5% fetal bovine serum (FBS, Atlanta 
Biologicals) and 1% L-glutamine (Life Technologies) prior to passaging. All experiments 
were performed with cells at passage 4. 
Investigation of hMSC viability and proliferation was performed to assess cell 
behavior on 3D printed polyHIPEs. Thin cylinders (8 mm diameter, 1mm, 100% infill) 
were fabricated from PFDMA polyHIPE emulsion ink. A drop of light mineral was wiped 
on and subsequently wiped off of the aluminum build platform to facilitate nondestructive 
removal of printed specimens. Prints were rinsed briefly with dichloromethane to clean 
the printed specimens and vacuum dried for 12 hours. Specimens were sterilized for 3 
hours in 70% ethanol, subjected to a progressive wetting ladder, and incubated overnight 
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in MEM α supplemented with 40 w/v% FBS at 5% CO2, 37°C. To facilitate capillary 
driven loading of hMSCs into the porous construct, media was removed and scaffolds 
allowed to dry for one hour prior to seeding at a density of 40,000 cells/cm2.  Viability at 
24 and 72 hours was assessed utilizing the LIVE/DEAD assay kit (Molecular Probes). 
Cells were stained with 2 µM calcein-AM (live) and 2 µM ethidium homodimer-1 (dead) 
for 30 minutes at 37°C, washed with PBS, and imaged using a fluorescence microscope 
(Nikon Eclipse TE2000-S) (n = 12). 
A Quant-iT™ PicoGreen® dsDNA Assay Kit (Molecular Probes) was utilized to 
quantify dsDNA and determine cell density at 24 and 72 hours. Briefly, specimens were 
placed into a new culture well, lysed, and assayed using a plate reader (Tecan Infinite 
M200Pro) with excitation/emission wavelengths of 480/520 nm, respectively. Average 
cell number (n=3) for 24 and 72 hours was determined by converting dsDNA values to 
individual cell number using 6.9 pg DNA/cell (179). Representative images of hMSC 
attachment and spreading were obtained at 72 hours. hMSCs were washed with PBS, fixed 
in 3.7% glutaraldehyde, stained for F-actin and nuclei with ActinGreen 488 and NucBlue 
ReadyProbes Reagents (Molecular Probes), and imaged using a fluorescence microscope. 
3.2.9 Statistical Analysis. The values reported for the dimensional deviation, 
swelling ratio, mechanical properties and cell viability are presented as the mean values ± 
the standard deviation. One-way analysis of variance (ANOVA) with post-hoc Tukey’s 
test (p < 0.05) was used for statistical analysis of data. 
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3.3.1 3D Printing of PFDMA Emulsion Inks. Our previous study on the 
development of HIPE emulsion inks identified target rheological properties for high 
fidelity printing (169). Specifically, we determined that a low-shear viscosity (at 0.01 s-1) 
greater than 1000 Pa•s was needed to limit spreading after extrusion and shear thinning 
behavior with sufficiently low viscosity at typical printing shear rates (<50 Pa•s at a shear 
rate of 50 s-1) allowed for facile extrusion. PFDMA emulsion inks displayed the 
characteristic HIPE shear thinning behavior with a low-shear viscosity of 5370 ± 580 Pa•s 
and a printing shear viscosity of 60 ± 10 Pa•s. A paste extruder was adapted with UV LED 
sources to initiate radical crosslinking of the PFDMA HIPE ink upon extrusion and harden 
the extruded HIPE layer prior to the addition of subsequent layers. Constructs displayed 
good print fidelity with hierarchical porosity from the printed architecture (~250 µm) and 
the emulsion-templated porosity of the polyHIPE (5-30 µm), Figure 3.4. 
Figure 3.4. 3D printed constructs with hierarchical porosity fabricated from PFDMA 
emulsion ink. 
3.3.2 hMSC Cytocompatibility of Printed PFDMA Emulsion Inks. A critical 
3.3 Results and Discussion 
evaluation of candidate bone grafts is the ability of the scaffolds to support cell viability, 
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biomaterial scaffolds with similar chemistries demonstrated in vitro cytocompatibility and 
in vivo biocompatibility and osteoconductivity (180-182). Furthermore, our lab previously 
demonstrated PFDMA polyHIPEs supported hMSC viability for up to 2 weeks and 
enhanced osteogenic differentiation (183). The aim of this study was to assess initial 
cytocompatibility of 3D printed PFDMA polyHIPEs and confirm the ability of these 
scaffolds to support adequate cell attachment and retention over 72 hours. A modified 
wicking protocol was implemented to allow for increased cell ingress into the multi-
layered architecture of the print and provide increased hMSC attachment throughout the 
construct. Capillary forces have been demonstrated as a suitable self-seeding technique in 
other dual porosity systems (184). Representative images of cell-seeded constructs display 
cell adhesion and spreading on multiple layers of the printed PFDMA polyHIPE, Figure 
3.5A. Viability of hMSCs seeded directly onto printed scaffolds was characterized at 24 
and 72 hours and compared to standard tissue culture polystyrene (TCPS) controls, Figure 
3.5B. Printed polyHIPEs supported hMSC viability of greater than 95% at both 24 and 
72-hour time points with no statistical difference observed between the print and TCPS 
controls. Furthermore, printed polyHIPE scaffolds supported an approximately two-fold 
increase in cell density over the same time points as confirmed by dsDNA quantification, 
Figure 3.5C. These early markers of cell activity provide strong evidence for the potential 
of 3D printed polyHIPEs as tissue engineered scaffolds. Current work is investigating the 
ability of these printed polyHIPEs to support osteogenic differentiation of hMSCs. 
proliferation, and bone regeneration. Previous studies reported that fumarate-based 
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Figure 3.5. hMSC activity after 24 and 72 hours directly seeded on 3D printed 
polyHIPEs. A) Micrograph illustrating cell attachment and alignment on 3D printed 
polyHIPEs at 72 hours (blue = nuclei; green = F-actin). B) Viability of cells at each time 
point. C) Cell density at each time point. Color images available online at 
www.liebertpub.com/tea 
 
3.3.3 Effect of Hierarchical Porosity on Scaffold Permeability. In addition to 
cytocompability, scaffold architecture should be designed to promote cellular infiltration 
and the requisite nutrient and waste transport needed to maintain cell viability prior to 
vascularization. (56, 185-196) Pore size alone is insufficient for predicting solute transport 
in porous scaffolds. Solute diffusion rates are dependent on the Darcy’s permeability 
constant, K, of the porous graft. Given that permeability is dependent on a combination of 
the scaffold porosity, pores size, tortuosity and interconnectivity, experimental 
permeability measurements were used to evaluate candidate scaffolds (197). Native bone 
has a broad range of K values as expected given the structural differences between 
cancellous (4.45 x 10-8 m2) and cortical bone (1.1 x 10-13 m2) (198, 199). Common bone 
grafting materials range in K values from 9 x 10-9 m2 to 2 x 10-11 m2 (200), and the reported 
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permeability of polyHIPE constructs is on the order of 2 x 10-12 m2 (201, 202). Although 
a requisite value for bone grafts has not been defined, it may be assumed that increased 
permeability allows for improved mass transport and larger graft size. We hypothesized 
that the high porosity of the emulsion inks would enhance permeability and that the 
hierarchical porosity of scaffolds with printed macropores would further increase 
permeability of the scaffolds. To test this hypothesis, PFDMA constructs were printed 
with 100% and 70% infill density, the volume of filled internal space within the perimeter 
lines, and then tested in a custom permeability testing setup. An exemplary plot of 
differential pressure vs. velocity, used to determine permeability, is shown in Figure 3.6A. 
Results of permeability testing indicated values in the range of 2-15 x 10-10 m2 for 3D 
printed PFDMA polyHIPEs, Figure 3.6B. Permeability increased nearly six-fold with a 
decrease in infill density from 100% to 70%. These results verify that the permeability of 
the printed scaffolds are in the range of current bone grafting materials (200) and the 
ability to increase permeability with decreased infill printing. It is expected that this 
increased permeability will support the ability to create larger scaffolds with sufficient 
solute diffusion to support cell viability proliferation.  
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Figure 3.6. An exemplary plot of differential pressure vs. velocity used to determine 
permeability (A); effect of infill density on the permeability of printed constructs (B). 
 
3.3.4 Multi-Material Printing. Although printing PFDMA polyHIPEs with 
decreased infill enhanced permeability, compressive testing of the scaffolds indicated that 
the decreased infill also resulted in a loss of compressive modulus (29.8 ± 6.7 MPa to 15.0 
± 3.9 MPa) and compressive yield strength (1.8 ± 0.3 MPa to 1.1 ± 0.2 MPa). To address 
this limitation, we incorporated a polyester shell to reinforce the graft and mimic the dense 
cortical shell that surrounds trabecular bone. This biomimetic design has the potential to 
enhance compressive properties while maintaining high porosity and permeability. This 
design required the development of a multi-modal printing setup that combined paste 
extrusion and high temperature thermoplastic extrusion with high positional accuracy in 
dual deposition, Figure 3.7. 
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Figure 3.7. Combinatorial printing process with layer by layer deposition of the 
thermoplastic polyester outer shells and HIPE emulsion ink inner material (A); 
integration between the emulsion ink and thermoplastic (PCL) shell (B).  
 
In order to characterize the quality of the dual printed constructs, dimensional 
analysis was performed on printed scaffolds and deviation from the programmed 
dimensions were quantified to evaluate print fidelity. Printed constructs with a height 
within a single layer thickness (0.2 mm) and diameter within a single extrusion width (0.6 
mm) were considered high fidelity. Additional high fidelity constraints included no 
compounding errors and print heights >4 mm. Based on these fidelity characterizations, 
co-deposition was found to not detrimentally affect the quality of printed constructs. In 
most cases, this mechanical reinforcement also made a visible, although not quantifiable, 
improvement in surface finish. Printing of these complex models demonstrates the ability 
to create much larger constructs than typical paste extrusion methods (4 mm) including 
large constructs (25 mm) as illustrated in the anatomical model in Figure 1.  Although the 
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rheology of these PFDMA emulsion inks was refined to print with high fidelity, there are 
limitations on the geometry of printable constructs. Particularly, constructs typically need 
an infill density of at least 70% and must have a minimal overhang angle. In contrast, 
traditional thermoplastic printing materials such as PLA and acrylonitrile-butadiene-
styrene can consistently print with much lower infill densities and overhangs angles. By 
combining these two modalities, the thermoplastic material reinforces the emulsion inks, 
which are more likely to spread, but may also be used as a break-away support materials 
allowing for even greater construct complexity. 
Another aspect identified critical to the success of the multi-material printing was 
the positional accuracy of the materials relative to each other. Syringes and needles are 
changed often in paste printing setups, making calibration difficult. Determination of the 
height offset can be readily found with a probe or shimming method, but precise X-Y 
positioning of the needles is more difficult. Skewing or bending of needles by even a 
fraction of a millimeter can cause complete overlap with previously extruded material. 
Therefore, enhanced precision stepper drivers (DRV8825) and a camera mounted to the 
build plate was used to determine X-Y position within 10 µm. The SEM images of cross 
sections of the hybrid scaffolds indicated good integration between the two materials, 
Figure 6B. No gaps or overlaps were found, indicating accurate positioning of the second 
extruder in the X-Y plane. As shown, the printed emulsion ink deposited precisely and no 
significant shrinkage occurred during the drying process. We hypothesized that the nearly 
indistinguishable gap between the materials is a result of the default 15% overlap between 
the perimeter and infill extrusions. This is the default overlap in the processing software 
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(Slic3r) to account for natural gear/belt backlash and allow for improved infill/perimeter 
bonding. To visualize packing of extruded lines, the cross-sectional view of a theoretical 
extruded line can be assumed to be a stadium (rectangle with two semicircular ends) with 
an overall width described by: 
𝑊𝑒𝑥𝑡𝑟𝑢𝑑𝑒𝑑 𝑙𝑖𝑛𝑒 = 2𝑟 + 𝑤𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 (2) 
where the 2r is also the layer height. Therefore, some level of overlap is necessary for one 
extruded line to adhere to the next, Figure 3.8. 
 
 
Figure 3.8. Depiction of filament overlap, explaining the nearly nonexistent gap 
between extruded lines. 
 
3.3.5 Mechanical Reinforcement with Polyester Shell. Following confirmation of 
the high fidelity of the multi-material printing setup, the effect of the polyester shell on 
the mechanical properties was investigated. PCL and PLA were selected for the cortical 
shell based on their established compressive properties, biocompability, and 
biodegradation profile. One concern with reinforcing emulsion inks with a concentric is 
the reduction in radial diffusion and potential delay in vascularization. Kolambkar, et al. 
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reported  the efficacy of radial improving neovascularization and tissue ingrowth of bone 
grafts (203). A similar approach was utilized in the printed constructs that also mimics the 
Volkmann canals of native bone. Constructs were printed with a spiraling pattern of 
rectangular channels with one layer between each channel and a rotation of 45° from one 
channel to the next, Figure 3.9. The individual and combined effects of infill density, 
polyester shell, and channels on the compressive properties of printed constructs was then 
examined. 
 
Figure 3.9. Scaffolds printed with emulsion ink only, emulsion ink with a PCL shell, or 
emulsion ink with a PLA shell. Models were 8 mm in diameter and 4 mm tall, and were 
designed with and without channels. The model, g-code renderings, and representative 
images are shown.  
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Compressive testing indicated that increase infill density and the addition of a 
polyester shell increased construct compressive modulus and yield strength, Figure 3.10. 
An increase in infill resulted in a statistically significant increase in modulus and 
compressive strength for samples with no shell and samples with a PCL shell. There was 
no statistically significant difference in compressive properties of grafts with PLA shells 
at different infill densities. It was hypothesized that a high infill level may have caused 
overlap with thermoplastic perimeter which cooled the deposited PLA, reducing interlayer 
bonding. PLA constructs with low and high infill displayed a significant increase modulus 
and strength compared to all other samples. PLA constructs exhibited an approximate two-
fold increase in modulus compared to constructs with a PCL shell and 100% infill, and 4-
6 fold increase compared to all other solid constructs. PLA constructs exhibited a 2-3 fold 
increase in strength compared to constructs with a PCL shell and 100% infill, and an 
approximate 6 fold increase compared to all other constructs. The ability to significantly 
increase compressive strength even at low infill density demonstrates the ability to 
increase permeability while maintaining mechanical properties. 
 
Figure 3.10. Compressive modulus (A) and yield strength (B) of multi-material 
scaffolds printed with 100% or 70% infill. 
 
 63 
 
Comparisons of scaffolds with 70% infill density and with and without channels 
indicated a similar trend, Figure 3.11. The addition of horizontal channels resulted in a 
decrease in compressive modulus and yield strength of printed scaffolds, but these 
differences were not statistically significant. We hypothesize that the small decrease is due 
to the defects provided by the designed channels themselves, acting as stress 
concentrators. The addition of channels is hypothesized to enhanced neovascularization 
of the grafts post-implantation.  
 
Figure 3.11. Compressive modulus (A) and yield strength (B) of multi-material 
scaffolds printed with and without channels at 70% infill density. 
 
3.4 Conclusions 
The variety of 3D printing technologies for tissue engineering has rapidly 
expanded in recent years with the availability of open source technologies and 
development of new inks. Traditional thermoplastic extrusion provides strong, robust 
constructs but is limited in the type of materials and compatibility with cells. New 
materials such as emulsion inks provide a biomaterial platform with high porosity and the 
ability to create complex tissue scaffolds with enhanced permeability. Herein, we report 
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the development of a biodegradable, fumarate-based emulsion ink to print robust bone 
grafts with designed, hierarchical porosity. A combinatory approach that utilized 
thermoplastic polyester printing to reinforce the emulsion ink prints was then developed 
to enhance compressive properties and illustrate the potential of this technique to improve 
scaffold biomimicry (204). The addition of either a PCL or PLA shell resulted in a 
significant increase in compressive modulus and yield strength with the PLA shell 
resulting in constructs with compressive properties in the range of trabecular bone. PLA 
reinforced constructs displayed significant strength, even at low infill and with the 
addition of horizontal channels, which highlights the ability to simultaneously increase 
strength and permeability. Overall, these studies demonstrate that dual modality printing 
can be used to improve scaffold properties and has broad potential application in the 
fabrication of complex tissue grafts. 
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4.  HYDROCOLLOID EMULSION INKS FOR PRINTING SOFT TISSUE GRAFTS 
 
4.1 Introduction  
3D printing techniques such as stereolithography, powder-fusion, and extrusion-
based methods have been used for biomedical applications due to their control over macro-
scale and micro-scale geometry. This architectural precision allows for control of 
hierarchical structures ideal for tissue engineered constructs.(46) Macro-scale geometry 
encompasses the external appearance and structure of the final scaffold and control over 
this geometry allows for personalized scaffold designs that meet patient needs. For 
example, biomaterial can be generated based on images acquired from computed 
tomography (CT) scans. Micro-scale geometry allows for control over pore and channel 
size, orientation, and surface chemistry; which effect cell-material interactions such as cell 
adhesion, migration, and proliferation. Stereolithography (SLA) is able to create 
incredibly sophisticated models by utilizing a photopolymerizable liquid resin, but is 
limited to a narrow set of reactive macromers. (58) Powder-fusion based techniques are 
commonly printed with powders ranging in particle size from 10 – 150 um, but are limited 
to one base material and must use materials that can be sintered or bound together. (167) 
Unlike SLA and powder-fusion based techniques, extrusion-based methods are commonly 
used due to its three-dimensional control over deposited material and various solidification 
mechanisms (curing, hardening, and gelling). The versatility of this technique permits for 
a wide range of printable inks such as thermoplastics(205), ceramics(27), and 
hydrogels(67, 100, 206).  
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Hydrogels are hydrophilic polymer networks capable of absorbing up to a 
thousand times their dry weight in water. The prepolymer composition can be tuned to 
modulate the mechanical, degradation, water-uptake, and cell-signaling properties of the 
material, allowing it to mimic soft tissue. (207, 208) SLA is the most commonly used 
technique for 3D printing hydrogels due to the material’s low viscosity and ability to be 
easily photo-polymerized, though challenges still persist when developing constructs with 
this technique. SLA requires a large reservoir volume and post-processing to prevent 
construct shrinkage. In addition, this method cannot produce constructs of several cubic 
centimeters due to scattering of the applied laser beam, leading to constructs that are weak 
upon removal. (176, 209) In order to overcome such limitations, we have developed 
hydrogel inks for extrusion-based methods, having very little waste material, no post-
processing, and allowing for fabrication of constructs with sizes and dimensions relevant 
to biomedical applications in short processing times. Extrusion-based methods require 
processing of high-viscosity materials to maintain structural integrity during 
extrusion.(210, 211) This method has been adapted to print hydrogels, allowing for 
extrusion without clogging the nozzle; however, typical precursor solutions do not have a 
high enough viscosity to prevent lateral spreading post-printing.  (37, 69, 125, 169) 
Strategies to develop hydrogel inks have focused on increasing the low shear 
viscosity of the precursor solutions through the incorporation of rheological additives, 
Figure 4.1. For example, Schütz et al. demonstrated that incorporation of 9% 
methylcellulose to a 3% alginate solution increased the viscosity at low shear rates with a 
corollary increase in print fidelity. Similarly, Chimene et al. reported that the addition of 
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2% nano-silicates to 5% gelatin methacrylate (GelMA) solutions also resulted in improved 
print fidelity due to increased viscosity at low shear.  
As an alternative to these thickening agents, we recently developed hydrocolloid 
inks that dramatically increase the viscosity of the hydrogel solution viscosity and permit 
high fidelity prints. In this method a hydrophobic organic phase is dispersed within a 
hydrophilic aqueous phase, forming a viscous emulsion referred to as a hydrocolloid. Once 
extruded, the continuous phase, consisting of the hydrogel solution, is polymerized using 
UV irradiation to lock in the emulsion geometry. This solidification method, termed Cure-
on-Dispense (CoD), allows for rapid polymerization after extrusion and provides support 
for successive layers. (177) Through emulsification, polymerization, and removal of the 
dispersed phase, hydrocolloid inks demonstrate microporosity, which is tuned by 
composition and processing variables. (48) Additionally, macroporosity is controlled by 
altering 3D printing variables such as geometry of the model, infill density, and infill 
configuration (rectilinear, hexagonal, and honeycomb). It is hypothesized that this micro-
scale and macro-scale porosity will permit enhanced nutrient and waste transport, cell 
migration, and cell proliferation. (177, 212)   
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Figure 4.1. Illustration of the correlation between low shear viscosity and print fidelity 
for various hydrogel inks. The addition of 9% methylcellulose to 3 wt% alginate inks, 
tested at a shear rate of 1 s-1, increased viscosity resulting in a more printable ink and 
higher fidelity scaffold. The addition of 2% nanosilicate additives to 5 wt% gelatin 
methacrylate (GelMA), tested at a shear rate of 1 s-1 at 37°C to prevent gelation, 
increased viscosity and therefore print fidelity. Emulsifying poly(ethylene glycol) 
diacrylate (PEGDA) with mineral oil, tested at a shear rate of 0.01 s-1 resulted in an 
increased print fidelity due to an increased viscosity. (213, 214) Adapted and 
Reproduced by permission from Chimene, D., Lennox, K.K., Kaunas, R.R. et al. Ann 
Biomed Eng (2016) 44: 2090. doi:10.1007/s10439-016-1638-y. Copyright 2015 
American Chemical Society. 
 
In the present study, we have developed hydrocolloid inks to 3D print hydrogels 
using an extrusion based technique, CoD. Rheological properties of the hydrocolloid inks 
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were characterized in order to assess if the hydrogel inks were suitable for extrusion-based 
printing. Simple PEGDA hydrocolloid constructs were fabricated to analyze the effect of 
cross-linker addition on print fidelity, swelling, curing, and pore-architecture retention 
after mineral oil extraction. Complex anatomical models acquired from CT scans were 
printed to demonstrate the micro-scale and macro-scale precision achieved through 
extrusion-based printing of hydrocolloids. Finally, inks were developed out of a variety of 
bioactive hydrogel solutions, including cellulose, alginate, gelatin, and hyaluronic acid. 
Overall, these studies highlight the potential to use hydrocolloid inks for high fidelity 
extrusion printed constructs to be applied to biomedical applications.  
4.2 Materials and Methods 
4.2.1 Chemicals. All chemicals were purchased from Sigma Aldrich (Milwaukee, 
WI) and used as received unless otherwise noted. Trimethylolpropane ethoxylate 
triacrylate (TMPE-TA, Mn = 912 Da) was used in PEGDA hydrocolloids where indicated. 
Lithium phenyl-2,4,6-trimethylbenzoylphosphinates (LAP) photoinitiator was 
synthesized as previously demonstrated.(215) Light mineral oil and Kolliphor P188 
surfactant were used in all ink formulations. Gelatin (type B, bovine, 225 bloom), 
Hyaluronic acid (bacterial glycosaminoglycan polysaccharide), and modified 
hydroxyethylcellulose (NatrosolTM PLUS 30 CS, Ashland, Inc, Covington, KY) were used 
in their respective hydrocolloid ink formulations. 
4.2.2 Poly(Ethylene Glycol) Diacrylate Synthesis. PEGDA was synthesized 
according to a method adapted from Hahn, et al.(216) In summary, four molar equivalents 
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of acryloyl chloride was added dropwise to a solution containing one molar equivalent of  
PEG diol (6 kDa) and two molar equivalents of triethylamine in anhydrous 
dichloromethane (DCM) under nitrogen. After stirring for 24-hours, the resulting solution 
was washed with eight molar equivalents of potassium bicarbonate (2M). Once the 
solution was dried with anhydrous sodium sulfate, the product was precipitated in cold 
diethyl ether, filtered, and dried under vacuum. Proton nuclear magnetic resonance (1H 
NMR) spectroscopy was used to confirm functionalization of PEGDA. This was recorded 
on Mercury 300 MHZ spectrometer using a TMS/solvent signal as an internal reference. 
4.2.3. Hydrocolloid Ink Preparation. Hydrocolloid inks were prepared using the 
FlackTek SpeedMixer DAC 150 FVZ-K. Prior to emulsification, a PEGDA and water 
solution (25 w%) was mixed with Kolliphor P188 surfactant (10 w%) and LAP 
photoinitiator (1 w%) in the SpeedMixer cup. Some PEGDA hydrocolloids contained 
TMPE-TA crosslinker (5 w%) which was mixed into the aqueous phase in the previous 
step. Once combined, light mineral oil was added to the aqueous, hydrogel solution in four 
additions and mixed at 2500 rpm for 2.5 minutes each, until an 80% weight fraction is 
achieved. Once emulsified into an opaque, homogenous, paste-like consistency, a stir-
bead (10 mm diameter and height) was added and mixed at 3500 rpm for 2.5 minutes in 
the speed mixer. The hydrocolloid ink fabrication process is illustrated in Figure 4.2. 
Alginate, cellulose, hyaluronic acid, and gelatin emulsions were fabricated at different 
concentrations due to hydrogel precursor solution viscosities (alginate, cellulose, and 
hyaluronic acid at 2 w% and gelatin at 10 w%). These hydrocolloids were utilized to 
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demonstrate an ideal printing viscosity can be obtained through emulsification of various 
bioactive materials, producing constructs with high print fidelity.  
Figure 4.2. Schematic showing the fabrication of hydrocolloid inks and creation of a 
hierarchically porous scaffold via extrusion deposition printing with cure-on-dispense. 
4.2.4 Ink Rheology. The rheological properties of hydrogel precursor solutions 
and corresponding hydrocolloid inks were characterized using a controlled stress 
rheometer (Anton Paar Physica MCR 301) fitted with parallel plate geometry (Anton Paar 
Measuring Cone CP50-1/Q1, 50 mm diameter). The parallel plate temperatures were kept 
constant at 25⁰C for all samples tested except for gelatin solution, which was held at 35⁰C 
to prevent gelation. A small volume was loaded between parallel plates and allowed to 
acclimate for 60 seconds before testing. Viscometry measurements were performed at a 
shear rate between 0.01 and 100 s-1. 
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4.2.5 Cure-on Dispense Hardware Customizations. 3D-printed hydrocolloids 
were fabricated utilizing a RepRap Prusa i3 Engine E5 modified with an open-source 
RAMPS v1.4 electronics set and external MOSFETs. Hydrocolloids were loaded into a 
customized a HYREL EMO-25 extruder equipped with a luer lock adapter and a 22 gauge 
blunted stainless steel needle (413 µm, 6.35 mm in length, Sigma Aldrich). The HYREL 
EMO-25 extruder was modified to print emulsion inks using CoD. Briefly, four 3-watt 
ultraviolet (UV) LEDs (365 nm, Mouser Electronics, Mansfield, TX) were mounted to a 
heat sink and affixed to the extruder syringe, approximately 50 mm above the nozzle tip. 
Open source Marlin firmware (v1.1.0 RC4) was used to allow for precise probing of the 
build plate with the “Auto Bed Leveling” feature. This feature placed the extruder nozzle 
at a consistent distance from the build plate, with a precision of ~2 µm. 
4.2.6 Printing Parameters. Constructs were developed in OpenSCAD program by 
creating a cylinder (h=4 mm, r=20 mm) which was then imported into the “slicing” 
software, Slic3r version 1.2.9. This software converts the model into instructions for the 
printer by generating a G-code with the following printing parameters: printing speed of 
10 mm/s, nonprinting speed of 25 mm/s, layer thickness of 200 μm, rectilinear grid infill 
of 70%, extrusion width of 0.6 mm, one perimeter, and no top or bottom solid layers. The 
G-code is sent to the printer through Repetier-Host which contains post-processing scripts 
to move the extruder to a wipe position during every fifth retraction in order to prevent the 
nozzle from clogging. 
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Constructs were subjected to UV light after printing the final layer to initialize 
radical crosslinking and harden the extruded hydrocolloid ink. The MOSFETs are 
externally powered to accept up to 24 V which allows for precise tuning of the voltage 
driving the UV LED cure source. Hydrocolloid inks were subjected to UV with an 
intensity of 0, 10, or 100 mW/cm2 after printing the final layer with 100 mW/cm2 for 5 
seconds. 
Several geometries were selected to demonstrate the ability to print large, complex 
constructs with these hydrocolloid inks using CoD technology. These complex geometries 
are modeled in Solidworks based on CT data and then imported into the “slicing” software 
to be printed using the same parameters as the simple constructs mentioned above. 
4.2.7 Mineral Oil Extraction. The removal of the organic phase from printed 
constructs was required for accurate characterization. Post-printing, specimens was 
submerged in a series of solutions consisting of DCM for oil removal and ethanol for water 
removal. Various concentrations of DCM and ethanol were used to ensure maintenance of 
architecture without pore collapse. The constructs were first soaked in a 50/50 v/v mixture 
of DCM and ethanol for 1 hour. After this mixture, the specimen was soaked in pure DCM 
to remove any excess oil and then placed into another DCM and ethanol mixture (50/50 
v/v), both lasting an hour. Constructs were soaked in ethanol for one hour before being 
soaked in water overnight. After extraction and swelling in water overnight, constructs 
were frozen at -80°C and lyophilized for 24 hours. 
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4.2.8 Dimensional Analysis and Swelling Ratio. Print fidelity was assessed 
through dimensional analysis of the constructs. This was completed by comparing the 
sample’s dimensions to the programmed dimensions. High fidelity was considered to be 
constructs containing a height within a single layer thickness (0.2mm) and diameter within 
a single extrusion width (0.6mm). 
The swelling ratio of the constructs was then compared to the original dimensions 
after printing. After mineral oil extraction and lyophilizing, samples were weighed to 
determine the samples dry mass (md). The hydrocolloid constructs were swollen for 24 
hours in reverse osmosis water and weighed to determine the equilibrium swollen mass 
(ms). The equilibrium volumetric swelling ratio, Q was calculated from the equilibrium 
mass swelling ratio:  
𝑄 =
𝑚𝑠−𝑚𝑑
𝑚𝑑
 (18) 
4.2.9 Scanning Electron Microscopy (SEM). SEM (JOEL 6500) was utilized to 
image all specimens and determine the average pore of hydrocolloids ink with and without 
TMPE-TA cross-linker. Samples were dried for 24 hours in vacuo in order to remove 
residual water prior to characterizing construct’s pore architecture. Six printed constructs, 
three with cross-linker and three without, were fractured in at the center, sectioned into 
quarters, and sputtercoated with gold. Each specimen was then imaged in a rastor pattern, 
yielding 5 images per construct making a total of 30 images. Images at 1000x 
magnification were utilized to determine the average pore size on the first 10 pores that 
cross the median of each micrograph to minimize user bias. A statistical correction was 
75 
calculated to account for non-perfect spherical pores, h2 = R2 – r2, where R is the void 
diameter’s equatorial value, r is the diameters value measured from the micrograph, and h 
is the distance from the center. (19) The average diameter values were multiplied by this 
correction factor to yield a more accurate representation of the pore diameter. 
4.2.10 Statistical Analysis. All values reported are presented as the mean values ± 
the standard deviation. A Student’s t-test was performed on the dimensional analysis to 
determine any statistical significant differences between compositions. This test was 
conducted at a 95% confidence interval, having statistical significance at p values less than 
0.05. 
4.3 Results and Discussion 
PEGDA hydrogels are resistant to protein adsorption and cell adhesion, providing 
a bioinert material ideal for biomedical applications. (217, 218) Additionally, these 
hydrogels produce adaptable biomaterial systems due to their varied tunability and 
biocompatibility.(207, 219-222) This material is well characterized in literature due to the 
range of mechanical and physical properties that can be achieved through changes in 
molecular weight, concentration, and functionality. (223-227) With this in mind, PEGDA 
hydrogels were analyzed to create hydrocolloid ink constructs with high print fidelity. 
4.3.1 Ink Rheology. In order to evaluate the potential for printability, rheological 
properties of PEGDA hydrocolloid formulations and constituent solutions were tested. 
PEGDA solution exhibited a relatively constant viscosity of 1 Pa∙s for shear rates between 
0.01 and 100 s-1, while PEGDA hydrocolloids exhibited a sufficiently low viscosity (<10 
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Pa∙s) at typical printing shear rates (50 s-1) and an adequately high viscosity (>1000 Pa∙s) 
at low shear rates (0.01 s-1), Figure 4.3A. The rheological profile of the PEGDA 
hydrocolloid allows for extrusion through a needle without clogging at high shears, and 
allows for shape retention once extruded onto the build platform. 
In order to correlate rheology with printed construct fidelity, tall, simple constructs 
(cylinder, r=10 mm, h=4 mm) of PEGDA Hydrocolloids and PEGDA solution were 
printed. Print fidelity was then determined by dimensional analysis as compared to the 
programmed dimensions. Deviation from the designed construct dimensions were 
quantified. Hydrocolloid with a height within a single layer thickness (0.2 mm) and 
diameter within a single extrusion width (0.6 mm) were considered high fidelity. A chart 
of measurements for diameter, height, and the extruded strand width is provided, Figure 
4.3B. The PEGDA hydrocolloid is capable of creating tall, high fidelity constructs with 
no catastrophic failures, however PEGDA solution completely fails to hold its shape after 
extrusion, Figure 4.3C. 
Figure 4.3. Log-log plots of PEGDA precursor solution and PEGDA hydrocolloid 
viscosity as a function of shear rate (A). Scaffold Fidelity measurements for diameter, 
height, and strand width of PEGDA hydrocolloids (B). Examples of printed constructs 
shown from top and orthogonal view (C). 
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4.3.2. Effect of Cure Rate on Print Fidelity. Although construct shape could be 
maintained without active curing throughout the print, some method of curing was 
necessary to solidify and manipulation the construct. Attempts to remove uncured 
hydrocolloids from the printing bed resulted in severe damage to construct geometry and 
completely disperses when soaked in water, Figure 4.5. Scaffolds cured with high 
intensity UV light throughout the print (100 mW/cm2) were robust and easy to manipulate, 
but delaminated when swelled in water. We hypothesize that this is the result of initiator 
depletion by the UV source, causing a reduced availability of free radicals when the 
following layer is deposited and prevents bonding between layers. An optimal level of 10 
mW/cm2 was experimentally determined to be the optimal curing mechanism. This 
method allowed for a cohesive, manipulatable construct that did not delaminate in water. 
The reduced intensity allows for adequate curing without substantial depleting the 
initiator, allowing for improved inter-layer bonding 
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Figure 4.4. The effect of cure rate (0-100mW/cm2) on fidelity and integrity of printed 
PEGDA hydrocolloid inks. Constructs are shown immediately after printing (top) and 
after soaking in water (bottom).  
4.3.3 Dimensional Analysis and Swelling Ratio. Hydrogels have the ability to 
swell in aqueous systems because it is able to retain the solvents forming a swollen gel 
phase.(228) These swelling properties affect the constructs overall geometry, therefore 
when applied to 3D printing a final, expanded shape that matches the native model is 
desired.(208) 
Hydrocolloid inks containing TMPE cross-linker maintained dimensions closer to 
the original printed size. These constructs did not swell as much compared to samples 
without TMPE cross-linker during mineral oil extraction. The also produced significantly 
smaller lyophilized and equilibrium swollen constructs compared to constructs without 
TMPE, Figure 4.5A. A chart comparing feature retention including height, diameter, and 
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strand width between constructs with and without TMPE is provided, Figure 4.5B, as well 
as a comparison between the equilibrium swelling ratios, Figure 4.5C.  Scaffold diameters 
and swelling ratios were found to be statistically significantly different between PEG 
hydrocolloids without TMPE and those with TMPE. This suggests that the constructs 
expanded outward rather than inward due to the surface tension on the inner walls. 
Alternatively, there was no significant difference between construct heights and strand 
width. It is hypothesized that this occurs due to the constructs geometry causes the 
surrounding perimeter to be firmly joined together due to direct stacking on top of one 
another. Alternatively, the height and strand width is dependent on the infill, which is 
alternating to make a 3D mesh, causing the constructs to swell in this direction. Overall, 
this shows the ability to reduce swelling and dimensional changes in hydrocolloids 
through the addition of TMPE cross-linker, permitting printing of geometrically accurate 
constructs without requiring substantial compensation for predicted swelling. 
Figure 4.5. The effect of adding TMPE cross-linker post printing, after cleaning and 
lyophilizing, and after swelling (A). Comparison of PEGDA and PEGDA + TMPE 
cross-linker on scaffold fidelity (B) and swelling (C).  
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4.3.4 Mineral Oil Extraction. Hydrogel viscosity is increased though 
emulsification with mineral oil. The dispersed mineral oil makes up the immiscible, 
hydrophobic phase of the oil in water emulsion, forming tiny droplets within the 
polymerized hydrogel solution. Once the hydrogel is cured, the droplet size is extracted 
from the hydrocolloid construct, exposing the pore architecture and permitting nutrient 
and waste transport, cell migration, and cell proliferation. (177, 212) 
Extraction was first attempted with the single solvents water, DCM, and ethanol. 
Soaking in water caused the gels to swell, but no significant mineral oil extraction was 
observed. Soaking in DCM allowed for some extraction of mineral oil, but this process 
was slow and incomplete, likely due to the hydrophobicity of the solvent and 
hydrophilicity of the hydrogel phase. Ethanol provided modest results in extracting 
mineral oil due to its increased hydrophobicity compared to water, however, it’s 
miscibility with water enabled it to displace some of the water in the hydrogel. A 50/50 
mixture of DCM/ethanol was most successful as a first soak to displace both mineral oil 
and water from the printed hydrocolloid scaffolds. This enabled the most thorough 
removal of mineral oil in timely manner. Scaffolds were subsequently washed with pure 
DCM, ramped back through ethanol, and concluded with water to yield fully hydrated 
scaffolds. Scaffolds were noticeably larger both before and after lyophilization, indicating 
mineral oil extraction had an effect on morphology. 
4.3.5 Construct Porosity. Biomaterial constructs are designed to restore function 
and provide environments that support cell differentiation and proliferation and therefore 
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are produced to mimic important aspects of the target tissue. Porous, interconnected 
structures is a desirable trait for biomaterial structures, enabling cellular ingrowth and 
proliferation, vascularization, and nutrient and metabolic waste transport. (177, 212)  
Mineral oil droplet size within the hydrocolloid ink is directly related to the construct pore 
size and architecture. Interconnected, porous constructs are produced by extracting 
mineral oil from the polymerized hydrogel. Incorporating porosity into the 3D model, 
hierarchical porosity and complex features can be achieved. Lyophilized scaffolds were 
cryo-fractured and examined under SEM to elucidate the morphology of the printed 
hydrocolloid material after mineral oil extraction, Figure 4.6. While pores are visible 
under SEM, reproducibility due to shrinkage during lyophilization has so far prevented 
quantification. 
 
Figure 4.6. SEM of cured hydrocolloid inks displaying interconnect, porous nature after 
mineral oil extraction low magnification (500x, left), high magnification (1000x, right).  
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4.3.6 Complex Anatomical Prints. In order to demonstrate the capabilities of this 
system, various anatomical models were printed with the standard PEGDA hydrocolloid 
ink. A nose model (http://x3dm.com/3D-Model/Human_nose_3351.htm), simple 
bifurcating vessel (designed in Solidworks), semilunar valve 
(http://3dprint.nih.gov/discover/3dpx-000452), and a portion of a double aortic arch 
(http://3dprint.nih.gov/discover/3dpx-001204) are shown, Figure 4.7. Each model shows 
an increasing degree of complexity and showcases the inks ability to develop porous, 
complex anatomical models without any dimensional compensation.  
 
Figure 4.7. Complex anatomical models printed to demonstrate the clinical applications 
and versatility of these hydrocolloid inks and the extrusion CoD technology. Models 
printed (from left to right) include a nose, bifurcating vessel, semilunar valve, and 
congenital deformity of an aortic arch. Resulting printed constructs are shown below 
each model to demonstrate the quality and detail afforded by the hydrocolloid inks. 
 
 4.3.7 Bio-Hydrocolloid Inks. Natural polymers, such as gelatin, alginate, 
cellulose, and hyaluronic acid are used to create a supportive microenvironment for cells, 
therefore considered bioinks. (229) Gelatin is hydrolyzed collagen that are commonly used 
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in tissue engineering due to its cell binding RGD domains. (221) Similarly, alginate is also 
used in tissue engineering, but does not contain any cell binding sites. Instead, this anionic 
polysaccharide obtained from seaweed and algae can blended or modified with molecules 
to have cell binding domains. (229)( Cellulose is also a polysaccharide that derived from 
plants as well as is a bioactive and biocompatible material. (230) Hyaluronic acid is also 
biocompatible as well as nonimmunogenic and nonadhesive. This material is considered 
a glycosaminoglycan that is a natural component of the extracellular matrix. (231) 
However, these natural bioinks lack the viscosity at low concentrations or mechanical 
properties to achieve good print fidelity. (229) By emulsifying these materials, a 
rheological profile ideal for printing can be obtained at relatively low concentrations. 
All bio-hydrocolloid inks showed similar rheological behaviors, having a high 
viscosity at low shear (0.01 s-1) and low viscosity at typical printing shear (100 s-1), Figure 
4.3A. A comparison of low shear viscosities between hydrogel precursor solutions and 
hydrocolloid inks were made to present the importance of emulsification on ink rheology 
and therefore print fidelity, Figure 4.3B. Low shear viscosities of precursor solutions 
ranged from 0.1 Pa•s (PEGDA) to 200 Pa•s (hyaluronic acid). Hydrocolloid inks, 
however, displayed low-shear viscosities ranging from 2,810 Pa•s (alginate) to 13,400 
Pa•s (gelatin).  The rheological profile for bioactive hydrocolloid inks allows for 
constructs to be printed with high fidelity, Figure 4.3C. 
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Figure 4.8. Log-log plot of viscosity as a function of shear rate for hydrocolloid inks 
made from various hydrogel solutions (PEG, hyaluronic acid, gelatin, cellulose, alginate) 
(A). Comparison of low-shear (0.01 s-1) viscosities of hydrogel precursor solutions and 
their hydrocolloid inks (B). Scaffold printed with corresponding inks to illustrate 
successful hydrocolloid ink formation of various hydrocolloids (C). 
4.4 Conclusions 
3D printing is an exciting new area of innovation for tissue engineering that 
promises to revolutionize the way we fabricate engineered tissue scaffolds. Due to their 
low viscosity, high fidelity printing of hydrogels has typically been limited to SLA 
methods. Many of these materials have been adapted for use with extrusion based 
methods, but are limited by poor shape retention after extrusion and the need for thickener 
additives, support mediums, and harsh curing conditions. In order to allow wider 
compatibility with SFF, a more extensible system is necessary to allow modification of 
rheological properties without major modification to the hydrogel composition. 
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In this study, we demonstrate the ability to create printable hydrogel foams by 
adapting our emulsion ink method. This allows the creation of oil-in-water emulsions, 
termed hydrocolloid inks, to facilitate printing of hydrogels. These inks capable of 
fabricating scaffolds with hierarchical porosity using common materials, inexpensive 
equipment, and minimal processing. In addition to common PEG-based hydrogels, we’ve 
shown this method can be used to print a large variety of hydrogel solutions and very low 
concentrations and achieve high fidelity. Finally, we’ve demonstrated the ability to print 
complex anatomical models, rarely possible with this type of extrusion method. These 3D 
printed hydrogel scaffolds represent some of the highest fidelity reproductions of complex 
anatomical geometries in the literature to date. Overall, this new class of inks allows for 
fabrication of custom tissue engineered grafts for soft tissue regeneration with countless 
new materials and substantial increases in fidelity. 
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5.  CONCLUSIONS AND FUTURE DIRECTIONS 
 
5.1 Summary 
This body of work presents a new strategy for creating porous tissue engineered 
scaffolds utilizing hybrid 3D printing techniques. Critical components in the development 
of this emulsion ink platform were: recent advances additive manufacturing, progress in 
HIPE formulations, and, in particular, recent work by our group on the development of 
biodegradable, osteoinductive, fumarate-based HIPEs. These highly customizable 
scaffolds address many of the current limitations of autologous and allogenic grafts by 
providing an engineered graft with tunable material properties and functionality.  
Emulsion inks were demonstrated in various forms, and were capable of recreating 
complex anatomical geometries. Water-in-oil based HIPE inks displayed good 
reproduction fidelity, augmented by the new cure-on-dispense hybrid printing method. 
These rigid scaffolds were enhanced by hybridizing the print method with traditional 
thermoplastic extrusion to create robust, strong scaffolds. These scaffolds displayed 
multiscale porosity and biomimetic design unlike what is possible with any other current 
technique. This platform was further expanded by developing oil-in-water hydrocolloid 
inks to allow for extrusion printing of hydrogels with great detail and fidelity. 
Hydrocolloid inks were prepared from a variety of materials and displayed similar 
printability and promising fidelity. 
In all steps, rheological characterization was crucial. Initial discovery of minimum 
viscosity at low shear rates was central to the tuning of printable emulsion inks. While 
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rheological properties for water-in-oil emulsions satisfied the minimum requirements, 
high cure was necessary for high fidelity printing. In contrast, hydrocolloid inks attained 
significantly higher rheology and required much lower cure intensity to prevent 
delamination. 
Development of these ink, processing, and print methods has contributed to a 
modular low-cost, open-source platform for printing porous, curable biomaterials for hard 
and soft tissue engineering. This work highlights successes with our PFDMA polyHIPE 
system as well as cure-on-dispense paste extrusion printing. Beyond our specific 
applications, the structure property relationships and methodologies elucidated from this 
work can be utilized to create more functional tissue engineered scaffolds. Specifically, 
the use of extrusion based printing opens the door for other multimaterial printing with 
enhanced cell-material interactions and the potential for multiple cell types. 
In summary, we have developed printable emulsion inks based on high internal 
phase emulsions that enable fabrication of complex, hierarchically porous tissue 
engineered scaffolds. Furthermore, we have demonstrated that this methodology for 
creating emulsion inks, allows for formulation of inks from a wide variety of materials, , 
including hydrogels which have often proven challenging to print. 
5.2 Significance of Work 
Chapter 2 described fabrication and development of printable emulsion inks. Initial 
feasibility of 3D printing emulsion inks was first demonstrated with commercially 
available macromers. With a large range of material properties it was possible to carefully 
tune the emulsion formulation and determine the optimal rheological profile. Varying cure 
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parameters revealed the need for a high intensity, cure-on-dispense polymerization 
mechanism. Adjustments to the geometric parameters of the slicing software allowed the 
development of an optimal recipe for printing of low viscosity pastes. These advances 
allowed the creation of large (~1 in) scaffolds of actual tissues recreated from CT scans 
and MRI imaging. In addition to the numerous tunable parameters, this UV polymerization 
mechanism provides a significantly increased polymerization efficiency compared to 
previously demonstrated thermal or redox polymerization mechanisms. Thorough control 
allowed for modulation of properties such as infill density to increase permeability, 
however mechanical properties of these polyHIPEs were limited.  
In Chapter 3, a hybrid printing method was developed from emulsion inks and 
traditional thermoplastic extrusion of PLA in order to increase the strength of printed 
scaffolds. With a well-developed methodology for creating emulsion inks in place 
PFDMA polyHIPEs were developed into inks to serve as a biodegradable, biocompatible, 
osteoinductive material as the basis of our scaffold. By reinforcing the scaffolds with PLA, 
strength and permeability were simultaneously increased to provide a graft with 
mechanical and permeability properties within an order of magnitude of cancellous bone. 
Finally, in Chapter 4, this same emulsion ink strategy was employed to create 
hydrocolloid inks capable of simulating soft tissues. Optimizing rheological and cure 
properties allowed for cure-on-dispense extrusion printing of large (~1 in) constructs. 
These formulations incorporate mineral oil as the porogen, which must be extracted, but 
constructs remain strong and cohesive throughout cleaning procedure. Current printed 
hydrogel inks rely on increased concentration to provide adequate rheological properties. 
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However, this leads to a dense, non-optimal polymer network, and is often still 
insufficient, yielding an inaccurate construct. Initial hydrocolloid inks were demonstration 
with PEGDA solution due to its prevalence and low viscosity. Typical PEGDA solutions 
are not printable with an extrusion method due to their viscosity, however PEGDA 
hydrocolloids had exemplary rheological and cure properties and created high fidelity 
scaffolds, suggesting that a hydrocolloid ink may be formed from nearly any emulsifiable 
hydrogel solution. Various common hydrogel biomaterials including cellulose, gelatin, 
alginate, and hyaluronic acid were successfully used to demonstrate this ability. 
In summary, these studies have resulted in a method to improve fidelity and 
printablity of current bioinks, as well as the development of bioinks that were not 
previously possible. With these highly refined inks, scaffolds with more complex features 
such as low infill, and fine details such as internal voids and vascular channels are now 
possible.  
5.3  Challenges and Future Directions 
Development of these emulsion inks lays the foundation for a new class of 
printable biomaterials with innate porosity; a fundamental necessity for tissue engineered 
scaffolds. These inks are highly tunable and can be refined to allow fabrication of complex 
scaffolds. Although we have demonstrated feasibility to simulate various tissues, 
considerable work will be necessary to develop these into functional tissues. 
PolyHIPEs provide a very tunable system due to their modular nature, and pore 
sizes have been shown from tens to hundreds of microns. However, due to the rheological 
constraints of the cure-on-dispense printing process high emulsification leads to very 
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small pores (~10 µm). It has been reported that pore sizes ranging from 50 – 400 µm are 
required to promote full bone healing.(232) Therefore, it would be advantageous to 
decouple these two features to allow for the development of inks with larger pores while 
retaining the requisite rheological properties. Furthermore, even with the current 
rheological profile, polyHIPE emulsion inks have the bare minimum viscosity at low shear 
rates. With improved rheology, cure rate could be decreased into the same range as 
hydrocolloid inks (~10 mW/cm2). 
Emulsion inks can be expanded to an endless variety of reactive macromers. Other 
chemistries such as thiol-ene(233) and vinyl(234) have been demonstrated, and alternate 
polymerization mechanisms such as redox(175) and thermal(235) also hold promise. The 
new array of usable biomaterials for hydrocolloid allows for other polymerization methods 
such as ionic(236), and the use of reactive agents such as genipin(237) and 
glutaraldehyde(238).  
Hybrid multimaterial printing shows great promise to reproduce complex tissue 
architectures. Emulsion and hydrocolloid inks could be combined to create reinforced 
hydrogels with a permeable yet protective skin. Multiple emulsion or hydrocolloid inks 
could be used to create multimaterial scaffolds with different affinities for cell types or 
isolated elution of drug or growth factors. Alternative non-inverted HIPE emulsion inks 
could be formulated to create scaffolds with much lower permeability to act as a more 
effective division or boundary, and used in conjunction with other inks in order to 
recapitulate some of the complexity of native tissue. 
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Finally, these scaffolds have been fabricated and tested in the lab, and while 
evaluation of their in vitro properties appears promising, in vivo testing is essential to truly 
advance the knowledge of graft performance. The load-bearing nature of emulsion inks 
may require long term evaluation of mechanical properties throughout implantation. Cell 
proliferation and remodeling of biodegradable hydrocolloid inks will illustrate the 
regenerative capacity of these scaffolds.  
Although there are many studies remaining before these devices can be used in the 
clinic, this methodology opens the door to endless inks for printing tissue engineered 
scaffolds. These new inks increase the potential complexity of biomaterial scaffolds while 
providing the most fundamental need for tissue grafts; porosity. The studies proposed 
would further improve the knowledge of emulsion inks, their capabilities, and in vivo 
scaffold performance. 
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